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ABSTRACT 

The  primary  processes  occurring  in  the  mercury  photosensitiza¬ 
tion  of  propane  and  propane-nitrogen  mixtures  have  been  studied  in 
detail . 

By  following  the  rates  of  production  of  the  three  isomeric 

hexanes  produced  from  recombination  of  the  n-propyl  and  isopropyl 

radicals  formed  in  the  initial  process,  and  employing  a  detailed 

3 

kinetic  scheme,  it  has  been  shown  that  both  Hg  6(  P^) (Hg  )  and 
3 

Hg  6(  P  ) (Hg*)  atoms  decompose  propane  via  C-H  bond  cleavage.  The 

initial  rates  of  n-propyl  ( n )  and  isopropyl  (t)  radical  formation  are 

found  to  vary  with  temperature  between  0°  and  200°C.  For  the  Hg° 

reaction,  the  relative  Arrhenius  parameters  are  found  to  be 

A°/A°  =0.78  and  AE°-AE°  =1.90  kcal/mole  and  for  Hg*,  A* /A*  =0.89 
n  %  n  ^  ®  ’  n  ^ 

and  AE*-AE^  =  1.25  kcal/mole. 
n  % 

Using  various  nitrogen-propane  mixtures,  the  decomposition 

quantum  yield  of  propane  by  Hg*  atoms  was  found  to  decrease  while 

that  of  Hg°  atoms  to  increase  with  increasing  temperature. 

The  mercury  photosensitized  decomposition  of  hydrogen 

has  been  used  to  accurately  determine  the  relative  Arrhenius 

parameters  of  H-atom  reaction  with  the  primary  and  secondary 

positions  of  propane  between  45°  and  180°C  and  the  values  are 

A  /A.  =  1.35  and  AE  -AE .  =  2.01  kcal/mole. 
n  ^  n  ^ 

Band  fluorescence  spectra  from  the  mercury  photosensitiza¬ 
tion  of  CO,  H^O,  NH^,  C^H^OH,  SF^,  the  rare  gases,  the  fluorine ted 
methanes  and  paraffins  have  been  photographed.  The  observed 


11 


emission  bands  have  been  atributed  to  transitions  between  the  van  der 
Waals  molecules  formed  between  the  excited  Hg  atom  and  the  substrate, 
and  the  ground  state  mercury  plus  the  substrate.  To  a  first  approxi¬ 
mation,  the  trends  observed  throughout  a  homologous  series  can  be 
explained  in  terms  of  changes  in  the  polarizabilities  of  the  two 
colliding  species.  Simple  Lennard-Jones  force  constant  calculations 
of  the  excited  and  ground  state  complexes  have  been  carried  out  for 
comparison  with  experiment. 

By  treating  the  decomposition  of  paraffins  by  excited  metal 
atoms  analogous  to  abstraction  reaction,  the  potential  energies  of 
activation  have  been  computed  using  a  modified  bond-energy-bond-order 
method.  These  calculations  predict  the  experimentally  observed 
trends  in  the  relative  activation  energies  for  the  reactions  of  Hg* 
and  Hg°  atoms  with  propane. 

A  detailed  mechanism  has  been  described  for  the  interaction 
of  excited  mercury  atoms  with  paraffins  in  terms  of  a  systematic 
potential  energy  diagram.  This  adequately  explains  the  various 
trends  observed  in  the  mercury  photosensitization  of  paraffins  such 
as  the  changes  in  the  quenching  cross  section  with  structure  and 
deuterium  substitution,  the  relative  reactivity  of  the  Hg*  and  Hg° 
atoms,  band  fluorescence  and  the  effects  of  temperature  on  the 
quantum  yields  of  decomposition  and  spin-orbit  relaxation. 
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CHAPTER  I 

INTRODUCTION 

Electronic  energy  transfer  between  two  species  is  of 
fundamental  interest  in  chemical  kinetics.  In  photochemistry,  the 

O 

absorption  of  electromagnetic  radiation  from  about  1000  to  1G,000A 
is  one  source  of  electronically  excited  species.  The  energies  of 
quanta  in  this  wavelength  region,  about  23  to  230  kcal  per  mole, 
are  comparable  with  the  strengths  of  chemical  bonds.  Thus,  absorption 
of  light  can  lead  to  definite  chemical  effects:  for  example,  an 

O  O 

oxygen  molecule  absorbing  light  between  2450A  and  1950A  forms  an 
electronically  excited  species  which  rapidly  dissociates  to  oxygen 
atoms . 

0,(35f)  +  hv  - *  0„(31)  - »  20  ( 3P ) 

2  g  2  u 

Usually,  several  paths  exist  for  the  dissipation  of 
electronic  energy  residing  in  the  absorbing  species  and  are  generally 
grouped  into  photochemical  processes,  such  as  isomerization  or 
decomposition  of  the  substrate,  and  photophysical  processes,  such  as 
fluorescence  and  phosphorescence.  Direct  photolysis,  the  absorption 
of  light  by  a  substance,  is  restricted  to  compounds  which  absorb. 

On  the  other  hand,  chemical  changes  can  be  induced  by  energy  transfer 
from  a  different  absorbing  species.  This  photosensitization 
technique  is  of  general  applicability  since  it  is  not  restricted  to 
any  particular  phase  or  sensitizer.  The  simplest  photosensitization 
reactions  are  those  occurring  in  the  vapor  phase  involving  atoms  and 


2 


simple  molecules.  Atom  sensitizers,  mercury  in  particular,  have  been 
extensively  studied  over  the  past  half  century  both  as  a  convenient 
source  of  excitation  energy  (1)  and  as  a  means  of  elucidating  the 
mechanism  of  energy  transfer  (1,2,3). 

The  atom  photosensitization  process  can  be  divided  into 
three  consecutive  steps: 

i.  absorption  of  light  by  the  atom, 

ii.  transfer  of  energy  to  the  substrate,  and 

iii.  the  physical  and  chemical  changes  occurring  in  the 
substrate  caused  by  the  transfer  of  energy. 

Step  i  can  be  well  established  from  the  spectroscopy  of  the  atom. 
Steps  ii  and  iii,  however,  must  be  inferred  from  information  about 
both  the  physical  and  chemical  properties  of  the  donor  and  acceptor 
as  well  as  effects  produced  through  this  interaction. 


Cf 
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1 .  Mercury  as  a  Photosensitizer 

Mercury  has  all  the  requirements  of  a  good  sensitizing 

agent,  namely  a)  a  chemically  inert  ground  state  with  a  good  vapor 

pressure,  b)  absorption  of  light  of  discrete  wavelengths,  c)  a 

large  absorption  coefficient,  and  d)  a  long  excited  state  lifetime. 

2 

Promotion  of  one  of  the  6s  electrons  in  the  mercury 

atom  ground  state  (designated  as  6(^Sq)  and  hereafter  referred  to  as 

Hg)  to  the  6p  level  results  in  a  singlet  or  triplet  term  depending 

on  the  spin  orientation  (Figure  1) .  The  singlet  level  is  designated 

as  Hg6 (^P  ) (Hg 1 ) ,  and  the  triplet  level  is  further  split  by  spin- 

3  3 

orbit  interaction  into  three  states;  Hg6(  P2)  ,  Hg6(  P^) (Hg*) ,  and 

3 

Hg6(  P  ) (Hg!) .  Some  characteristics  of  these  levels  are  listed  in 
Table  I.  Oscillator  strengths  of  optical  transitions  from  these 
levels  are  a  manifestation  of  the  selection  rules  governing  the 
process.  Because  of  heavy  atom  effects,  only  the  total  angular 
momentum  quantum  number  J  is  well  defined.  Thus  the  transitions 
Hg°  — >  Hg  (J  =  0  -*  J  =  0)  and  Hg(3P2)  — ►  Hg  (J  -  2  — >  J_  =  0)  have 
very  low  oscillator  strengths  and  a  long  emission  lifetime.  On  the 

O 

other  hand  absorption  of  the  resonance  lines  2537A  (Hg  — >  Hg*)  and 

O 

1849A  (Hg — *  Hg ' )  readily  occur  and  photosensitization  is  usually 
initiated  from  one  of  these  two  states. 

Absorption  of  monochromatic  light  by  a  homogeneous  system 
is  described  by  the  Beer-Lambert  Law: 


I/I  =  10 
o 


-eCl 


where  I  is  the  intensity  of  light  incident  on  the  absorbing  species 


Kcal/Einstein 


4 


10.38 

10 


FIGURE  1:  Lower  excited  states  of  the  mercury  atom. 


Electron  volts 
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TABLE  I 


Some  Optical  Characteristics  of  the  Lower  Excited 


States  of 

the  Mercury 

Atom 

Level 

Excitation  Energy 

O 

A  kcal/mole 

Emission 

Lifetime 

T  (sec) 
o 

Oscillator 

Strength 

Reference 

Hg6(3PQ) 

2656 

107.7 

2.0a 

5.3xl0“10 

4 

Hge^pp 

2536.5 

112.7 

1. 14xl0~7 

2. 5xl0~2 

5 

Hg6(3P2) 

2271 

125.9 

>4.7xl0"5 

<8.3xl0"5 

6 

Hgedpp 

1849 

154.6 

1 . 31xl0~9 

1.18 

7 

See  Table  III  for  lifetimes  of  the  individual  isotopes. 
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of  concentration  C,  I  is  the  intensity  transmitted  through  a  path 
length  1,  and  the  constant  £  is  the  extinction  coefficient  of  the 
absorber.  A  large  value  of  eCl  is  required  in  photosensitization 
studies  to  obtain  measurable  amounts  of  absorption.  Too  large  a  value 
can  cause  additional  complications,  however.  Mercury  at  a  vapor 
pressure  of  2  microns  in  the  presence  of  a  quencher  absorbs  over  90% 

O 

of  the  2537A  resonance  line  in  less  than  2  cm  of  path  length  result¬ 
ing  in  a  large  gradient  in  the  concentration  of  excited  atoms  near 
the  cell  window  (1) .  The  associated  phenomenon  of  multiple 
absorption-emission  processes  or  "imprisonment”  of  the  radiation  also 
tends  to  increase  the  apparent  lifetime  of  the  excited  state  and  must 
be  accounted  for  when  calculating  rates  based  on  the  emission 
lifetime  (5). 
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2 .  Quenching  of  Excited  Mercury  Atoms 

When  a  cell  containing  mercury  vapor  and  another  gas  (A) 

O 

is  irradiated  with  2537A  light  the  electronic  energy  of  the  excited 
mercury  atom  can  be  dissipated  in  a  variety  of  ways.  A  general 
reaction  scheme  for  this  system  is  given  below. 

Hg  +  hV  (2537A)  — » 

Hg*  — > 

Hg*  +  A  — * 

(HgA) *  — * 


Hg' 


wall 


(HgA) 


Hg°  +  He  +  A 


Hg* 

[I] 

o 

Hg  +  hV (2537A) 

[-1] 

(HgA)* 

[1] 

Hg  +  A' (Products) 

[2] 

Hg°  +  A 

[3] 

Hg  +  A  +  hV* 

[4] 

O 

Hg  +  hv(2656A) 

[3] 

Hg 

[6] 

(HgA)  ° 

[7] 

Hg  +  A' (Products) 

[8] 

Hg  +  A  +  hV" 

[9] 

Hg2*  +  A 

[10] 

,  the  transfer  of  energy  is 

usually  the  result  of  a  bimolecular  collision  of  the  excited  atom 

and  the  substrate,  the  reactivity  of  excited  mercury  atoms  is 

.  2. 

commonly  expressed  in  terms  of  the  quenching  cross  section  (,0  ) 
related  to  the  collision  rate  constant  k 


*■  .  '  ' 


■ 
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9  1JLu  ‘iiA  1 

Z  =  k  [A]  =  ./(SuRT  rprrA'3  [A] 

Hg  A 

where  Z  is  the  bimolecular  collision  frequency,  M  is  the  atomic 

A 

weight  of  compound  A  in  a  concentration  [A] ,  T  is  the  temperature 
in  degrees  Kelvin,  and  R  is  Boltzmann's  constant. 

a .  Determination  of  Hg*  Quenching  Cross  Sections 

Two  methods  of  determining  quenching  cross  sections  of  Hg* 
atoms  have  been  developed  and  are  discussed  in  detail  in  the 
literature  (1,2).  Only  the  general  features  are  described  here, 
i.  Physical  Method 

The  quenching  of  excited  Hg*  atoms  can  be  related  to 
the  emission  rate  by  the  following  reactions 

O 

Hg  +  hV  (2537A)  - *■  Hg* 

O 

Hg*  - -5-  Hg  +  hV  (2537A) 

k 

Hg*  +  A  — 9 >  Hg  +  A' 

where  products  of  the  last  reaction  are  not  specified.  Steady-state 
treatment  of  these  reactions  leads  to  the  Stern-Volmer  formula 

[I/IQ  -  1]  =  Tkq[A] 

where  I  and  I  are  the  fluorescence  intensities  measured  at  right 
o 

angles  to  the  incident  beam  with  and  without  the  quencher  gas  at  a 
concentration  [A]  and  T  is  the  observed  lifetime  of  excited  mercury. 
The  slope  of  a  plot  of  [I/Iq  -  1]  against  [A]  is  given  by  Tk^  from 
which  the  quenching  cross  section  can  be  determined  if  T  is  known. 
Since  k  is  given  by 


/■ ' 
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kq  -  k^(k^  +  k^  +  k^)/(k_^  +  k^  +  k^  +  k^) 

in  the  detailed  reaction  scheme,  this  method  leads  to  a  total  rate 

of  quenching  independent  of  the  products. 

The  major  drawback  of  applying  this  technique  is  the 

problem  of  properly  taking  into  account  the  imprisonment  correction 

(=t/Tq)  to  the  natural  lifetime  T  .  Yarwood,  Strausz  and  Gunning  (8) 

showed  that  the  quenching  cross  section  values  obtained  by  four 

different  calculations  of  the  imprisonment  lifetime  listed  earlier 

(1,2)  vary  by  constant  factors: 

2  2  2  2 
a*  =  1.23 cr*  =  1.23a*  =  1.75a*v 

where  I  denotes  values  based  on  Holstein’s  solution  (9)  of  the 
Boltzmann-type  integrodif f erential  transport  equation 
including  the  line  shape  as  well  as  the  cell  geometry. 

II  denotes  values  obtained  by  Zemansky  (10)  using  Samson’s 
"equivalent  opacity"  (11) 

III  denotes  values  obtained  by  Biberman  (12)  using  a 

numerical  solution  to  the  integrodif f erential  equation, 
and 

IV  denotes  values  obtained  by  the  original  Zemansky  (13) 

treatment  of  the  imprisonment  as  coherent  scattering. 

»2 

More  recently,  a  slightly  larger  value  of  48. 2A  has 

been  found  for  ethylene  using  an  experimental  imprisonment  correction 

(14).  This,  combined  with  a  more  accurate  determination  of  the 

_7 

natural  lifetime  of  the  Hg*  atom  (T^  =  1.145x10  sec)  (7)  leads  to 
an  additional  10%  increase  in  the  quenching  cross  sections.  Thus: 


10 


1.10a  =  1.35a 


II 


1.35a 


2 

III 


1.92a 


2 

IV 


where  a^  is  the  preferred  set  of  quenching  cross  sections. 

The  problem  of  imprisonment  has  been  reviewed  and  examined 

in  detail  by  Michael  and  Yeh  (5)  using  Lyman-a  photometry  over  a 

range  of  mercury  pressures  to  evaluate  the  quenching  cross  section  of 

°  2 

H^.  A  value  of  10. 8A  for  at  low  mercury  opacity  was  found,  in 
agreement  with  recent  determinations  (8,14,15,16).  Waddel  and 
Hurst  (17)  further  extended  the  Holstein  theory  of  imprisonment 
of  resonance  radiation  to  very  high  mercury  concentrations  ( [ Hg ]  > 
10^  atoms/cc).  The  spin-orbit  relaxation  process 


Hg*  +  Hg  — >■  Hg°  +  Hg  +  kinetic  energy 

.  o  2  2  °  2 

was  required  in  the  mechanism  (0.03A  <  a  <  0.1A  )  to  explain  the 

abnormal  values  of  the  experimental  lifetime  observed. 

Regardless  of  the  absolute  value  of  the  quenching  cross 

section,  the  ratio  of  any  two  values  determined  by  a  particular 

method  are  independent  of  the  imprisonment  correction  used.  From 

the  slope  of  the  Stern-Volmer  equation  for  two  compounds  1  and  2, 

the  ratio  becomes 


Tk 

Tk 


= 

q,2 


which  is  independent  of  T.  Thus  an  accurate  comparison  of  quenching 
cross  sections  can  be  made  without  knowing  their  absolute  values 
accurately . 


ii.  Chemical.  Method 


This  technique,  developed  by  Cvetanovic  (2),  is  based 
on  competitive  quenching  between  and  another  compound  A. 


Hg*  +  N20 


*  Hg  +  N2  +  0 


k 


d 


Hg*  +  A 


>  Hg  +  Products 


k 


s 


*  Hg°  +  A 


The  quantum  yield  of  nitrogen  in  the  complete  quenching  region  is 
given  by 


a  +  $[A]/[N20] 


where  3/a  is  related  to  the  relative  quenching  cross  sections 


and  3/ot  =  (k_j  +  k  )/k^  assuming  that  the  products  of  the  above 


reactions  do  not  further  affect  the  production  of  nitrogen. 

The  chemical  quenching  method  has  been  used  by  Bellas, 


2 

Rousseau,  Strausz  and  Gunning  (18)  to  determine  the  a  values  of  a 


large  number  of  compounds,  and  in  some  cases,  significant  discre¬ 
pancies  appeared  between  the  physical  and  chemical  measurements.  It 
was  noted  that  alcohols  and  ethers  had  lower,  and  ethyl  mercaptan 
much  higher,  chemical  quenching  cross  sections  than  those  determined 
by  the  physical  method.  It  was  suggested  (18,19)  that  Hg°  atoms 
were  formed  and  could  participate  further  in  the  chemical  quenching 


of  N20  by  the  reaction 


Hg°  +  N20 


>  Hg  +  N2  +  0 


12 


leading  to  a  low  chemical  O  .  The  chemical  method  of  determining 
quenching  cross  sections  has  further  been  criticized  (20)  since  O 
values  of  some  compounds  appeared  to  be  dependent  on  the  light 
intensity . 


b .  Production  and  Detection  of  Hg°  Atoms 

In  addition  to  deactivation  of  Hg*  atoms  directly  to  the 
ground  state  (reaction  [2]) 


Hg*  +  A  - >  (HgA)*  [1] 

(HgA)*  - *-  Hg  +  A’ (Products)  [2] 


several  compounds  have  been  found  to  promote  the  spin-orbit 
relaxation  to  the  Hg°  level. 


(HgA)*  — ►  Hg°  +  A 


[3] 


Since  Hg°  atoms  thus  produced  may  react  rapidly  with  the  parent 
compound,  there  has  been  considerable  confusion  as  to  which  molecules 

form  Hg°  atoms  and  what  is  their  quantum  yield  of  formation. 

It  has  been  known  for  some  time  that,  when  mercury  vapor 


at  sufficiently  high  pressures  is  irradiated  with  the  2537A 
resonance  line,  two  intense,  broad  emission  bands  centered  at 

o  O 

A  ^4850A  and  A  V3350A  appear  (21).  It  was  further  shown  (22) 
max  max 

that  the  Hg°  atom  is  the  precursor  of  both  these  bands.  Concurrent 

O 

absorption  of  the  4047A  line  in  this  system  produced  emission  of  the 


4047A,  4358A  and  5461A  lines  (23),  directly  indicating  the  presence 
of  Hg°  atoms  (Figure  1).  At  low  mercury  pressures  the  bands  are 
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absent  because  the  spin-orbit  relaxation  process  becomes  very  slow. 

O  O 

Addition  of  nitrogen  restores  the  4850A  and  3350A  bands  however  (24) 

O 

and  enhances  the  emission  of  2656A  line  (25,26).  Pool  (27)  has  used 

O 

the  absorption  of  the  4047A  line  to  show  that  the  quenching  reaction 
probably  involves  vibrationally  excited  nitrogen: 


Hg*  +  N2(v=0)  - ►  Hg°  +  N  (v=l)  -  1.6  kcal/mole 

It  was  also  noted  that  nitrogen  does  not  quench  the  Hg°  atom 
appreciably  to  the  ground  state.  This  technique  was  improved  by 
Kimbel  and  LeRoy  (28)  and  later  by  others  (24)  to  study  the  reactions 
of  Hg°  atoms  in  nitrogen.  It  was  further  modified  (29,30,24)  to 

O  O 

measure  emission  of  the  5461A  and  4358A  lines  at  right  angles  to  the 
exciting  beafn  by  the  following  sequence: 


Ji46ll  6(3v 

-4^  6(V) 

emission  1 


A  different,  method  of  detecting  Hg°  atoms,  based  on  its 
ability  to  eject  electrons  from  a  metal  surface,  has  been  described 
(31)  and  used  to  study  Hg°  reactions  in  nitrogen  (24).  Employing 
this  method,  Darwent  and  Hurtubise  (32)  found  that  C2H^,  C^H^, 
and  N  ,  but  not  0  or  CO  ,  promoted  the  spin-orbit  relaxation  of 

4.  2. 

the  Hg*  atoms.  The  sensitization  of  N2  and  CO  was  studied  in  detail 
(33)  and  it  was  concluded  that  they  were  equally  efficient  in  pro¬ 
ducing  Hg°  atoms  despite  the  large  difference  in  quenching  cross 
sections  (a  /cr  =  21) .  This  was  supplemented  with  a  quantum 

v-*  u  ^ 

mechanical  treatment  of  the  process 
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Hg*  +  XY (v=0)  - *  Hg°  +  XY(v=l) 

carried  out  by  Bykhovskii  and  Nikitin  (34) .  This  treatment  indicated 
that  the  most  probable  result  would  be  vibrationally  excited  XY, 
particularly  when  the  donor  to  acceptor  energy  discrepancy  was  small. 

O 

Callear  and  Norrish  (35-37)  and  later  Callear  and  Williams 
(38)  described  a  flash  photolysis  method  of  studying  the  reactions 
of  Hg°  atoms.  Nitrogen  (P  =  780  torr)  was  used  to  pressure-broaden 

O 

the  2537A  resonance  line  and  to  convert  the  Hg*  atoms  to  the  Hg° 

O  O 

level  and  kinetic  absorption  spectroscopy  of  the  4047A  and  2967A 
lines  was  then  related  to  the  Iig°  atom  concentration.  The  presence 
of  Hg°  atoms  was  detected  when  N^,  CO,  H^O  or  D^O  were  added  to  a 
flashed  mixture  of  argon  and  mercury  but  not  when  NO,  Ii^ ,  0^,  N^O, 

CH^,  C^H^,  C^Hg ,  CgH^,  NHg  or  BF^  were  present.  Callear  (39) 
suggested  that  the  electron  ejection  technique  used  earlier  (32) 
was  not  specific  to  Hg°  atoms  and  that  any  electronically  excited 
species  could  produce  the  same  effect. 

Using  a  more  sensitive  technique  based  on  steady-state 

O 

absorption  of  4047A  light,  Penzes,  Yarwood,  Strausz  and  Gunning  (40) 
detected  Hg°  atoms  in  eight  deuterated  paraffins  and  light  neo¬ 
pentane.  It  was  shown  that  the  discrepancies  between  the  physical 
and  chemical  quenching  cross  sections  observed  in  many  cases  could 
be  due  to  the  participation  of  Hg°  atoms  in  the  system. 

The  flash  technique  was  later  modified  by  using  a  microwave 
pulse  generator  (41,42,43)  or  a  large  number  of  closely  spaced 
electrodes  in  the  flash  lamp  (44,45,46)  to  produce  a  monochromatic 

O 

flash  of  2537A  light.  This  set-up  resulted  in  very  high  concentrations 


’ 

■■‘■''I 
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of  excited  mercury  atoms  and  allowed  careful  study  of  the  Hg*  and  Hg° 

reactions.  The  early  work  of  Callear  and  Williams  (38)  was  shown  to 

3  + 

be  in  error  due  to  the  effect  of  excited  N.  A  I  (45)  and  the 

2  u 

quantum  yields  of  Hg°  formation  with  several  compounds  were 
determined  (Table  II)  (44). 

Vikis,  Torrie  and  LeRoy  (47)  determined  the  quantum 
yield  of  Hg°  formation  by  several  molecules  using  the  technique  of 
enhanced  decomposition  of  by  Hg°  atoms  (51)  under  partial 

quenching  conditions  (Table  II) . 

c .  Removal  of  Hg°  Atoms 

O 

i.  Emission  of  the  Forbidden  2656A  Line 

-  Emission  from  the  Hg°  level  to  the  ground  state  is 
forbidden  by  optical  selection  rules.  The  observation  that  the  Hg° 
atom  undergoes  spontaneous  emission  to  the  ground  state  was  explained 
by  a  small  amount  of  coupling  with  the  nuclear  magnetic  moment. 

Since  mercury  is  a  mixture  of  7  stable  isotopes,  two  of  which  have 
odd  nuclei  with  magnetic  moments  different  from  zero,  it  was 
proposed  (22) ,  and  found  (52) ,  that  emission  was  taking  place  only 
from  the  two  odd  isotopes  199  and  201  (Table  III) . 

O  O 

While  studying  the  4047A  absorption  and  2656A  emission  at 
up  to  140  torr  nitrogen,  Kirnbel  and  LeRoy  (28)  proposed  that  the 

O 

2656A  emission  was  a  combination  of  both  spontaneous  and  pressure- 

O 

induced  emission.  By  substituting  a  4047A  lamp  containing  only 
mercury  of  atomic  weight  198  it  was  concluded  that  "either  the 
transition  probability  of  emission  of  the  forbidden  line  is  essen¬ 
tially  independent  of  nuclear  spin  or  the  exchange  reaction 


16 


TABLE  II 


Quantum  Yields  of  Hg°  Formation  from  the  Hg*  Level  by 

Various  Compounds 


Compound 

Quantum  Yield  ($’)a 

N2 

0.9<$'<1.0  (43) 

1.0b  (44) 

1.0b  (47) 

>0.92  (48) 

°2 

0 

<0.1 

n2o 

0 

<0.1 

NO 

0 

<0.1 

0.20 

CO 

0.12 

0.85 

VL 

0.76 

C02 

0.02 

^0.02 

<0.01 

nh3 

0.06 

0.62 

0.8 

0.7  (49) 

nd3 

^1.0 

1.0 

H2° 

0.38 

VL.O 

0.19  (50) 

d2o 

^1.0 

0.49 

H2 

0 

<0.03 

CH. 

4 

0.1 

0.15 

C2H6 

0.3 

0.80 

C3H8 

0.11 

0.38 

n_C4H10 

0.11 

c(ch3)4 

0.57 

c- C„H, 

3  6 

0.68 

C2H4 

<0.1 

References  in  parenthesis. 


b 


assumed  equal  to  1.0  for  nitrogen. 


I 
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TABLE  III 


Calculated  and  Experimental  Emission  Lifetimes 

of  the  Hg°  Atom 


in  sec) 


Hg  Isotope  Experimental 


Calculated 


199  1.7  (4)  1.5  (4)  1.43  (8) 


201 


2.6 


2.22 


2.08 
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Hg°  +  Hg  ,, 
even  odd 


+  Hg  +  Hg° 

even  °odd 


is  extremely  fast".  Recently  it  has  been  shown  that  the  absorption 

O 

of  the  4047A  line  does  not  follow  Beer’s  law  (48)  and  their  second 
conclusion  is  probably  correct. 


ii .  Excitation  to  Higher  States  by  Collision  and  Absorption 
Bigeon  (53)  has  shown  Hg°  atoms  produced  in  a  mixture 
of  Hg  and  (total  pressure  of  2  torr)  irradiated  by  a  mercury 
resonance  lamp  are  destroyed  primarily  by  collisions  with  metastable 
nitrogen  molecules  excited  in  the  (v=l)  level,  in  agreement  with 
earlier  proposals  (27,54).  Other  routes  of  Hg°  destruction  were 

o  o 

shown  to  be  absorption  of  4047A  and  2967A  radiation  present  in  the 
spectrum  of  the  lamp,  and  collision  with  ground  state  mercury  atoms, 
in  the  ratio  of  about  10:3:7. 

It  is  interesting  to  note  that  nitrogen  (v=l)  molecules 
arise  from  two  sources:  a)  collisional  excitation  between  two 
(v=0)  molecules  or  collision  of  a  (v=0)  molecule  with  the  wall  and 
b)  spin-orbit  relaxation  of  Hg*  atoms.  The  equilibrium  concentra¬ 
tion  of  nitrogen  (v=l)  molecules  is  very  low  since  the  first  vibra¬ 
tional  level  is  some  6.6  kcal/mole  above  the  zero  level.  Process 
a)  leads  to  the  activation  of  about  1  out  of  10~*  molecules  at  room 
temperature  but  process  b)  can  lead  to  high  concentrations  of 
excited  nitrogen  dependent  on  the  intensity.  The  relaxation  of 
nitrogen  (v=l)  is  very  slow  at  room  temperature  despite  the  large 
exothermicity ,  and  only  becomes  significant  at  higher  temperatures 
(55,56).  Consequently  nitrogen  (v=l)  must  be  considered  in  pure 

O 

mercury-nitrogen  systems  irradiated  with  2537A  resonance  light. 
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iii.  Quenching  of  Hg°  Atoms 

In  order  to  understand  the  reactivity  of  excited 
mercury  atoms  with  various  compounds,  the  rates  of  both  Hg*  and 
Hg°  atoms  must  be  separated  and  compared.  These  are  listed  in 
Table  IV.  The  first  comparison  of  the  quenching  rates  was  done  by 
Callear  and  Williams  (38)  who  found  that  the  rate  of  deactivation 
of  Hg°  atoms  is  much  lower  than  that  of  Hg*  atoms  in  every  case. 

Table  IV  also  includes  the  quenching  rates  determined  by  Vikis  and 
Moser  (57)  using  the  ethylene  technique  and  electron  emission  from 

O 

silver  metal,  and  the  rates  determined  by  the  decrease  in  4047A 

O  O 

absorption  (58)  and  3350A  and  4850A  emission  (59).  The  trends  in 

the  reactivity  of  Hg°  atoms  are  similar  to  those  established  by  the 

Hg*  atoms  but  the  rates  are  lower.  However,  there  is  a  considerable 

2 

difference  in  the  absolute  values  of  O  determined  by  the  different 
workers . 

d.  Excited  Mercury-Substrate  Complex  Formation 

The  intervention  of  complex  formation  between  an  excited 
species  and  a  ground  state  molecule  has  been  proposed  in  several 
systems.  In  solution,  eximers  and  exiplexes  (from  the  combination 
of  an  excited  molecule  with  a  similar,  and  different  ground  state 
molecule  respectively)  have  been  observed  in  many  aromatic  hydro¬ 
carbon  systems  (61) .  The  eximer  usually  emits  at  longer  wavelengths 
than  the  monomer  and  can  have  a  significant  binding  energy.  In  the 
vapor  phase,  structureless  emission  and  absorption  bands  associated 
with  particular  spectral  lines  of  the  alkali  metals  in  the  presence 
of  rare  gases  and  paraffins  have  been  attributed  to  excited  complexes 
(62,63) . 
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The  symbols  G  ,  a  and  O  refer  to  the  quenching  cross  section  respectively  for  excited  mercury  atoms 
in  the  Hg*  level,  Hg°  level,  and  where  the  excited  state  is  not  specified. 


Mercury  also  forms  a  variety  of  complexes.  The  4850A  and 

O 

3360A  emission  bands  originate  from  the  mercury  eximer  molecule  (22) 
Complexes  have  been  observed  with  rare  gases  (64,65),  water  (25,26), 
ammonia  (26) ,  methane  (66) ,  and  more  recently  kinetic  studies  have 
been  carried  out  on  the  complexes  of  mercury  with  paraffins  (67), 
rare  gases  (68,69),  ammonia  (44,49,70-73),  water  (50),  alcohols  (74) 
and  amines  (75)  .  It  is  thus  essential  to  include  intermediate 
complex  formation  in  the  mechanism  of  deactivation  of  Hg*  and  Hg° 


atoms . 
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3 .  Interaction  of  Hg*  and  Hg°  Atoms  with  Various  Substrates 

From  a  comparison  of  the  Hg*  quenching  cross  sections  of 
various  classes  of  compounds  with  the  reactivity  of  oxygen  and  sulfur 
atoms,  it  has  been  shown  (76)  that  the  excited  mercury  atom  behaves 
as  an  electrophilic  reagent.  The  initial  interaction  between  Hg* 
atoms  and  substrate  molecules  was  proposed  to  involve  the  following 

(olefins) 

(NH^,  PH^,  AsH^  and  their  alkyl  derivatives) 

(H^O,  H^S,  and  their  alkyl  derivatives) 

(carbonyl  compounds) 

(alkyl  halides  with  the  exception  of  fluorides) 
(paraffins) . 

The  total  G ^  is  primarily  determined  by  the  most  reactive  site  in 
the  molecule.  Since  the  alkyl  groups  and  fluorine  atoms  have  low 
electron  donating  power,  they  are  only  important  in  the  quenching  of 
paraffins  and  fluorine  substituted  paraffins.  For  this  reason,  a 
comparison  of  Hg*  and  Hg°  reactivities  and  their  relationship  to  the 
electronic  energy  transfer  process  can  more  easily  be  made  by 


configurations : 


Hg* 

r2c  =cr2 
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H— N|  ->Hg* 
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H 


R 


R 


c<° 

/  ^Hg* 


R  —  X|  -+Hg* 


and 


R-H  — >Hg* 


25 


discussing  the  various  classes  of  quenchers, 
a.  Ground  State  Mercury  and  Nitrogen 

o  o 

The  broad  emission  bands  centered  at  4850A  and  3350A  have 
been  observed  in  pure  mercury  at  a  high  pressure  and  mercury-nitrogen 

O 

mixtures  irradiated  with  the  2537A  resonance  line.  Mrozowski  (22) 

O  mmm  1  i  O  1  | 

has  assigned  these  to  the  A(  0  )  X(  E  )  and  A(  1  )  ->  X(  £  )  transi¬ 
ts  g  u  g 

tions  of  the  diatomic  mercury  eximer  molecule,  respectively.  The 

3  _ 

A(  0  )  state,  which  correlates  with  Hg°  +  Hg  at  large  separation, 

3  3  + 

collapses  together  with  the  A(  1^)  state  from  Hg*  +  Hg,  into  a  ( 

state  at  small  internuclear  distances.  This  combination  of  states 

allows  the  spin-orbit  relaxation  of  the  Hg*  atom  by  Hg  ground  state. 

The  relaxation  energy  is  consequently  taken  up  by  translational 

modes  of  the  two  species.  Later,  McCoubrey  (77)  on  the  basis  of 

his  observation  of  a  common  persistence  time  for  these  emissions  in 

a  pure  mercury  system,  postulated  that  both  bands  arise  from  the 

3  _ 

A(  0  )  state,  the  first  by  a  pressure- induced  and  the  second  by  a 
spontaneous  transition  to  the  ground  state.  The  eximer  molecules 
were  also  shown  to  form  in  a  third  order  reaction  involving  a 
metastable  Hg°  atom  and  two  ground  state  mercury  atoms, 

Hg°  +  2Hg  — *  Hg*  +  Hg 

and  that  the  intensity  ratio  of  the  two  continua  is  pressure  dependent, 

O 

the  4850A  band  emission  being  enhanced  by  pressure. 

O 

By  observing  the  2537A  decay  time  of  mercury  in  nitrogen 

2 

between  52  and  252°C,  Matland  (78)  found  the  O  increased  by  a  factor 

2 

of  two.  This  was  explained  by  assuming  only  those  colliding  molecules 


26 

with  energy  above  1.6  kcal/mole  were ■ effective  and  the  quenching 
cross  section  given  by 


where  the  constant  O^,  the  quenching  cross  section  for  those 

0  2 

molecules  with  sufficient  energy  to  react,  is  1.7A  ,  and  f  is  the 
fraction  of  molecules  with  energy  greater  than  e  (79) 

f  =  (1  +  e/RT) exp (-e/RT) 

where  R  is  Boltzmann's  constant  and  T  the  absolute  temperature. 

Berberet  and  Clark  (24)  studied  the  reactions  occurring  in 

O 

the  mercury  and  nitrogen  system  using  absorption  of  the  4047A  line, 

O 

4850A  emission  continuum,  and  ion  formation  to  detect  Hg°  atoms. 

From  the  dependence  of  these  measurements  on  intensity  and  nitrogen 
pressure  it  was  concluded  that  Hg°  is  formed  by  nitrogen  quenching 
of  Hg*  and  destroyed  by  a  termolecular  collision  with  nitrogen  and 
a  ground  state  mercury  atom. 


Hg°  +  Hg  +  N2  — >  Hg*  +  N2 


On  the  other  hand,  using  the  flash  technique,  Callear  and  Williams 
(38)  found  the  deactivation  of  Hg°  atoms  to  be  first  order  in  nitrogen 
and  Hg  concentration  by  the  reactions 


Hg°  +  N2  -*  Hg  +  N2 
Hg°  +  Hg  — ►  2Hg 


k  =  8.7  x  107  cc  mole  ^sec 
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k  =  3.4  x  10  cc  mole  sec 


The  reactions  of  Hg°  atoms  in  pure  nitrogen  were  further  studied  by 
LeRoy  and  coworkers  under  steady  state  conditions  (pressure  less  than 

O 

8  torr)  using  the  4047A  absorption  technique  (80)  and  measurement  of 
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O  O 

ths  3350A  and  4850A  amission  bands  (81).  A  third  order  reaction 
wi-tih  nitrogen  as  a  chaperone  was  required  which  was  assumed  to  be 
made  up  of  a  series  of  second  order  reactions  to  agree  with  Callear 


and  Williams'  results  at  higher 
Hg°  +  Hg  — ► 

Hg*+  +  N2  - * 


pressures : 
Hgf 
ng*  +  n2 
2Hg  +  N2 


2Hg  +  hv(3350A) 


Hg*  +  N2 


Hg 


2 


Hg^  +  N2 

2Hg  +  hv(4850A) 


O 

where  Hg*  Hg*+  and  Hg°  are  the  stabilized  and  nascent  A(  1  )  and 
z  z  z  u 

3  - 

A(  0^)  states  of  the  mercury  molecule.  These  conclusions  have  been 
questioned  in  the  light  of  recent  studies  which  have  shown  that 


O 


O 


the  4047A  and  4358A  absorption  lines  do  not  obey  the  Beer-Lambert 
law  above  1  torr  total  pressure  (48). 


O  O 

From  the  emission  of  the  3350A  and  4850A  bands  (up  to  27 

torr  nitrogen)  Penzes,  Gunning  and  Strausz  (82)  found  a  third  order 

18  -2  -1 

reaction  rate  of  1.1  x  10  cc  moles  sec  for  nitrogen  as  a 

chaperone,  in  good  agreement  with  the  value  of  3.6  x  10"^  found  by 
McCoubrey  (77)  for  mercury  as  a  chaperone. 


b.  Nitrogen  and  Oxygen  Containing  Compounds 

The  presence  of  nonbonding  electrons  in  the  molecule  has 
significant  effects  on  the  quenching  reactions  (76).  Electronic  to 
vibrational  energy  transfer  has  been  observed  in  reactions  of  Hg*  and  Hg° 


atoms  from  the  infrared  emissions  of  CO  (v£9)  (83)  and  NO  (v£l7)  (84) 
The  reactivity  of  the  Hg°  atoms  was  estimated  to  be  an  order  of 
magnitude  lower  than  that  of  Hg*  atoms  towards  CO  and  NO. 

Addition  of  a  small  amount  of  CO  had  been  shown  to  enhance 
the  rate  of  sensitized  decomposition  of  ethylene  (85)  and  H2  (86) 

(the  "carbon  monoxide  effect").  London,  Vikis  and  LeRoy  (51)  later 
made  a  detailed  search  for  the  presence  of  a  long  lived  Hg*CO 
complex.  Although  no  conclusive  evidence  was  found  it  was  proposed 
that  formation  of  Hg°  atoms  in  excess  of  that  found  by  Scheer  and 
Fine  (33)  (about  5%)  could  explain  the  effect.  This  was  later 
confirmed  by  the  observation  (44,48)  of  a  large  quantum  yield  of  Hg° 
formation  by  CO  (see  Table  II) . 

Phillips  and  coworkers  have  recently  studied  the  kinetics 
of  emission  from  excited  mercury  complexes  with  NH^,  and  ND^  (49,70- 
72),  H20  and  D20  (50),  alcohols  (74),  and  amines  (75).  Modified 
rotating  sector  and  phase  shift  methods  were  used  to  study  the 
dependence  of  the  rate  of  emission  from  the  complex  on  the  pressure 
of  the  substrate,  third  body,  and  mercury.  The  Hg*  atoms  are  rapidly 
quenched  to  the  Hg°  level  with  quantum  yields  of  about  0.7  and  1.0 
for  NH^  and  ND^  respectively.  The  slow  step  in  the  reaction  was  the 
formation  of  a  complex  between  Hg°  and  NH^.  This  was  followed  by 
rapid  emission  from  the  complex  of  a  broad  band  centered  at  about 

O  O  o 

3460A  (3500A  for  ND^)  with  no  fine  structure  (±1A) .  By  assuming  that 
the  probability  of  emission  is  greatest  near  the  equilibrium  inter- 
nuclear  distance,  it  was  shown  (71)  that  the  shift  in  the  peak  wave¬ 
length  with  pressure  leads  to  a  dissociation  energy  of  about  5.0 
kcal/mole. 


These  reactions  of  excited  mercury-ammonia  complexes  were 
also  studied  by  Callear  and  coworkers  (44,73),  using  the  resonance 
flash  technique  to  study  the  quenching  rate  of  Hg°  atoms  by  various 
compounds  (see  Table  IV).  They  showed  that  the  (HgNH^)°  complex  was 
formed  both  in  a  bimolecular  and  termolecular  collision  with  ammonia 
Rate  constant  values  obtained  for  these  association  reactions  and 
spontaneous  emission  are  summarized  in  Table  V.  The  difference  in 
emission  rates  of  (HgNH^)0  and  (HgND^)°  was  attributed  to  the 
dependence  of  spontaneous  emission  on  the  internal  energy  of  the 
complex . 

The  results  obtained  by  Phillips  and  coworkers  on  H^O  and 
D^O  (50)  and  alcohols  (74)  were  similar  to  those  in  the  NH^  system 
with  the  exception  that  no  termolecular  reaction  was  observed.  The 

O 

(HgH^O) 0  band  had  a  peak  intensity  at  about  2860A  while  the  band 
maxima  of  the  D^O  and  alcohol  emissions  appeared  progressively 

O 

further  to  longer  wavelengths  (up  to  about  3030A) .  The  measured  rat 
of  Hg°  deactivation  by  different  alcohols  are  listed  in  Table  IV. 

c.  Rare  Gases 

Interactions  of  excited  mercury  atoms  with  rare  gases  are 
of  interest  because  the  quenching  reaction  is  restricted  to  photo¬ 
physical  processes.  Oldenberg  (64,65)  observed  fluorescence  bands 
on  both  sides  of  the  mercury  resonance  line  in  the  presence  of 
rare  gases.  Helium  and  neon  showed  one  band  on  the  short  wavelength 

O 

side  of  the  2537A  line,  while  Ar,  Kr  and  Xe  gave  two  diffuse  bands. 
Argon  and  krypton  also  gave  discrete  bands  on  the  long  wavelength 
side  of  the  resonance  line.  Preston  (87)  also  found  emission 


' 


Rates  of  Various  Reactions  Occurring  in  the  Mercury  Photosensitization 
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bands  associated  with  13  lines  of  the  mercury  discharge  spectra  with 

He  and  Ar,  with  12  lines  of  cadmium,  and  with  6  lines  of  tellurium. 

Jablonski  (88)  proposed  that  quenching  by  the  rare  gases  was  due  to 

crossing  of  the  repulsive  potential  curves  representing  the  excited 

mercury  atom-ground  state  noble  gas  atom,  and  ground  state  mercury- 

ground  state  noble  gas  atom  system.  Olsen  (89)  found  that  the 

depolarization  of  the  resonance  line  was  "negligible"  for  He  and  Kr 

°2 

but  quenching  cross  sections  for  He  and  Ar  were  found  to  be  0.325A 
°2 

and  0.222A  respectively. 

Various  proposals  have  been  put  forward  to  explain  the 
origin  of  this  band  fluorescence.  Kuhn  (90)  suggested  that  the  bands 
originated  from  transitions  between  repulsive  branches  of  the  ground 
and  excited  states .  Jefimenlco  (91)  showed  that  the  presence  of 
auxiliary  minima  or  maxima  in  the  excited  potential  energy  curve 
could  adequately  explain  these  satellite  bands.  On  the  other  hand 
Leycuras  (92)  suggested  that  local  perturbations  of  the  optical 
electron  oscillations  during  the  collision  were  responsible  for 
emission  of  light  other  than  the  resonance  line.  Fiutak  and 
Frackoweak  (93)  pointed  out  that  the  electronic  correlation  and 
potential  energy  relations  of  the  Hg-Ar  van  der  Waals  molecule  would 
lead  to  slightly  bonding  states  for  the  ground  state  of  mercury  as 
well  as  the  (Ar+Hg)°  and  (Ar+Hg)*  states.  The  band  structure  was 
later  assigned  to  transitions  between  quantized  levels  of  these 
van  der  Waals  molecules  (94).  These  band  structures  have  been 
extensively  studied  in  absorption  at  high  densities  (62,63)  in  dis¬ 
charges  of  many  different  metals  with  rare  gases  (95-97),  and  in 
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liquids  and  solids  (98,99),  a  review  of  which  is  beyond  the  scope  of 
this  introduction. 

Gunning,  Penzes,  Sandhu  and  Strausz  (68)  have  shown  that 
quenching  of  Hg*  atoms  by  the  noble  gas  atoms  leads  to  small  but  not 

o  2  2  o  2 

negligible  quenching  cross  sections  (0.1A  <G  <0.9A  ).  Simple  Lennard- 
Jones  potential  curves  of  the  van  der  Waals  molecules  indicate  that 
within  reasonable  limits,  crossing  to  the  ground  state  proposed  by 
Jablonski  (88)  is  of  little  importance  and  that  quenching  occurs 
exclusively  by  radiative  dissipation. 

Phillips  and  coworkers  (69)  have  obtained  an  emission 
spectrum  from  the  excited  Hg-Xe  complex  which  showed  a  broad 

O  O 

structureless  band  with  a  peak  at  2750A  extending  from  the  2537A 

O 

resonance  line  to  about  3000A,  and  was  attributed  to  a  complex 
between  Hg°  atoms  and  Xe.  Rates  of  reaction  of  Hg°  atoms  with  Xe 
and  Hg  were  also  obtained. 

d .  Hydrogen 

Yang  and  coworkers  (16,100)  noted  the  large  value  of  the 

2*  2°  3  2*  2° 

ratio  of  the  rates  G  /o  with  H^  (^3.3x10  )  compared  to  G  /G 

MO  for  hydrocarbons  (38).  Light’s  phase  space  theory  (101)  was 

applied  to  the  quenching  reaction  with  hydrogen  and  the  quantum 

yield  of  formation  of  H,  HgH,  and  undissociated  H^  was  calculated  to 

be  0.52,  0.16,  and  0.58  respectively.  The  recent  experimental 

demonstration  (102)  that  the  quantum  yield  of  hydrogen  decomposition 

is  unity,  however,  contradicts  these  conclusions. 

Callear  and  coworkers  (42,43,46)  using  the  monochromatic 

flash  technique,  have  found  that  the  yield  of  HgH  is  large  in  the 


•  •  ‘‘ 


33 


quenching  of  hydrogen  but  could  not  be  detected  at  all  in  hydro¬ 
carbons  (with  the  exception  of  C^,  Table  VI).  From  the  Hg* 
decomposition  of  HD  molecules  it  was  proposed  that  the  Hg*  (and 
probably  the  Hg°)  atom  reacts  with  hydrogen  by  direct  insertion 
between  the  H-atoms  to  form  an  electronically  excited  (H-Hg-H)* 
intermediate  which  subsequently  "predissociates"  by  crossing  to  a 
second  state  of  H-Hg-H  which,  in  turn,  correlates  with,  and  dissociates 
to  the  ground  state  of  H  +  HgH, 

e.  Paraffins 

Darwent  (103)  noted  that  the  quenching  diameter  G  [i.e. 

2  % 

(a  )  ]  of  paraffins  is  approximately  a  linear  function  of  the  carbon 
number  within  a  homologous  series  and  that  the  specific  increments  in 
G  for  methyl,  methylene,  and  methine  groups  are  0.15-0.30,  1.0,  and 

O 

1.3A  respectively.  This  was  consistent  with  the  trend  in  the 
electron-donating  power  of  these  groups  and  lead  Rousseau,  Strausz 
and  Gunning  (76)  to  postulate  a  direct  interaction  between  the  Hg* 
and  C-H  bond  on  the  paraffin. 

2 

i.  Isotope  Effect  on  a 

Evidence  for  this  direct  interaction  has  been  inferred 

from  effects  of  substitution  of  deuterium  for  hydrogen  (k^ 

Gunning  and  coworkers  (76,104-106)  have  studied  the  effect  of 

2 

deuterium  substitution  on  the  G  values  of  various  hydrocarbons  by 
the  chemical  method,  and  have  shown  that  the  large  k^/lc^  effect 
observed  in  the  paraffins  was  probably  due  to  a  primary  kinetic 
isotope  effect,  that  is,  the  Hg*  interacts  directly  with  the  H-atom 


/kp  effect) . 
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TABLE  VI 

Quantum  Yields  of  Mercury  Hydride  Formation  in  the 
Sensitization  of  Various  Isotopic  Hydrogens  and 
Acetylene  at  Room  Temperature  in  the  Presence  of 

Ar  or 

Reaction  Quantum  Yield  Reference 


Hg* 

+ 

H2  - 

*  HgH 

+ 

H 

0.8 

+ 

0.1 

43 

Hg* 

+ 

D2  - 

*  HgD 

+ 

D 

0.96 

+ 

0.1 

46 

Hg* 

+ 

HD  — 

*  HgH 

+ 

D 

0.14 

+ 

0.02 

46 

— >  HgD 

+ 

H 

0.80 

+ 

0.1 

46 

Hg° 

+ 

H2  - 

+  HgH 

+ 

H 

0.93 

+ 

0.1 

43 

Hg° 

+ 

B2 

+  HgD 

+ 

D 

0.65 

+ 

0.2 

43 

Hg* 

+ 

C2H2~ 

->  HgH 

+ 

C2H 

0.18 

+ 

0.07 

43 
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of  the  C-H  bond.  The  much  lower  lc^/k^  effect  found  for  H20,  NH^,  PH3 

and  was  attributed  to  a  secondary  kinetic  isotope  effect. 

Furthermore  (18,76)  the  observed  isotope  effects  could  be  calculated 

using  absolute  reaction  rate  theory  (107)  assuming  a  linear  transition 

state,  0**H***Hg  in  the  rate  determining  step.  Table  VII  contains 

the  observed  and  calculated  quenching  cross  sections  using  this  model. 

Agreement  is  reasonable  when  account  is  taken  of  the  difference  in 

the  stretching  and  bending  frequencies  between  the  C-H  and  C-D  bonds. 

Yang  (16)  pointed  out  that,  according  to  this  transition 

state  mechanism,  the  isotope  effect  arises  mainly  from  differences 

in  the  heights  of  the  potential  barriers  that  must  be  surmounted  with 

thermal  energy.  This  difference  (AE)  originating  from  the  zero  point 

energies  of  the  C-H  and  C-D  bonds,  contributes  a  factor  exp(AE/RT)  to 

2 

the  k^/k^  ratio.  Thus  the  isotope  effect  on  the  G  should  be 

temperature  dependent.  Yang  has  studied  the  effect  of  temperature 

on  the  quenching  cross  sections  of  C^Hg  anc^  CH^CD^H^,  by  both  the 

physical  and  chemical  methods.  The  chemical  quenching  cross  sections 

of  the  two  compounds  were  found  to  be  identical  at  30  and  150  C. 

Although  the  physical  G  values  for  each  compound  decreased  by  a 

2  2 

factor  of  about  4  going  from  25  to  202°C  the  ratio  (G  )^/ (G  )^  varied 

only  slightly  .  This  decrease  was  attributed  to  a  temperature  effect 

on  the  imprisonment  of  the  resonance  radiation  (108)  with  the  actual 

2  2 

temperature  dependence  given  by  the  ratio  (g  )^/(g  )^. 

Penzes,  Strausz  and  Gunning  (67)  have  observed  fluorescence 
in  both  light  and  deuterated  paraffins  as  well  as  in  several  other 
compounds,  in  the  reverse  order  of  quenching  reactivity  CH^  >  C^H^  > 


TABLE  VII 


Experimental  and  Calculated  Values  of  Quenching  Cross 


Sections  of 

Hg*  Atoms 

with  Some 

Deuterated 

Alkanes3 

Quenching 

°2 

Cross  Section  (A“) 

Minimum 
Quenching  on 
the  CtL  or  Cl 
Group  (%) 

Compound 

Exp . 

Calc . b 

c 

Calc . 

CH3CH2CH 

1.2 

— 

— 

87 

CH  CD  CH 

0.17 

0.23 

0.15 

64 

cd3ch2cd3 

1.0 

1.02 

0.99 

96 

CD3CD?CD3 

0.09 

0.16 

0.08 

87 

(ch3)3ch 

4.8 

— 

— 

91 

(ch3)3cd 

0.44 

0.83 

0.52 

71 

(cd3)3ch 

— 

4.3 

4.2 

— 

(cd3)3cd 

— 

0.59 

0.30 

— 

Taken  directly  from  reference  76. 

b  Values  calculated  taking  into  account  the  difference 
in  stretching  frequencies  between  C— H  and  C— D  bonds. 

C  Values  calculated  taking  into  account  the  difference 
in  the  stretching  and  bending  frequencies  between  the 
C-H  and  C-D  bonds. 
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C^Hg.  Since  no  deactivation  effect  was  apparent  up  to  500  torr  of 

-9 

propane,  an  upper  limit  of  10  sec  was  estimated  for  the  emission 
lifetime . 

The  absence  of  temperature  dependence  of  the  isotope  effect 
can  not  be  reconciled  with  the  calculation  based  on  the  zero  point 
energy  difference  and  a  more  sophisticated  approach  to  the  problem 

t 

of  energy  transfer  was  proposed  (16,109).  Methane  has  a  lower  than 
unit  quantum  yield  of  decomposition  (110).  This  fact,  combined  with 
the  observations  that  excited  mercury  forms  a  complex  with  the  quencher 
(67)  can  be  used  to  construct  the  potential  surface  leading  to  a  linear 
complex  between  Hg*  and  a  paraffin  quencher.  The  Hg*  +  RH  system  forms 
a  weakly  bonded  complex  with  a  binding  energy  partially  dependent  on 
the  polarizabilities  of  Rg*  and  RH.  Further  along  the  reaction  path 
there  is  a  potential  barrier  whose  height  is  dependent  on  the  R-H 
bond  strength.  These  two  effects  could  qualitatively  explain  the 
temperature  independence  of  the  isotope  effect  and  the  emission  from 
the  complex.  It  does  not,  however,  provide  an  explanation  for  the 
observed  isotope  effect  or  the  formation  of  Hg°  atoms. 

ii.  Decomposition  of  Paraffins 

The  mercury  sensitized  decomposition  of  paraffins 
has  been  the  subject  of  much  experimental  work  in  the  past.  Although 
the  general  features  of  the  reactions  have  been  known  for  some  time, 
details  of  the  reaction  mechanism  have  only  recently  begun  to  appear. 

Since  the  excitation  energy  of  Hg*  (112  kcal/mole)  is 
sufficient  to  break  any  of  the  bonds  in  paraffins  (80-88  kcal/mole 
for  C-C  and  91-108  kcal/mole  for  the  C-H  bonds)  one  might  expect 
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a  distribution  of  products  associated  with  each  bond  rupture.  Early 
work  (111)  indicated  that  the  only  primary  step  was  carbon— hydrogen 
bond  rupture.  Carbon-carbon  bond  cleavage  was  conspicuously  absent 
below  about  220°C,  above  which  thermal  decomposition  of  the  radicals 
becomes  significant.  If  more  than  one  type  of  C— H  bond  is  present, 
products  associated  with  all  possible  C— H  bond  ruptures  are  observed. 
In  propane  both  primary  and  secondary  C-H  bonds  are  broken  (111,112). 


Hg*  +  C3Hg  - 

— ►  ^-C3H?  +  H  +  Hg; 

AH  =  -13.6  kcal/mole 

— ►  ^“C3H7  +  H  +  Hg; 

AH  =  -19.3  kcal/mole 

Holroyd  and  Klein  (113)  and  Chesick  (114)  have  studied  the  decomposi- 

14 

tion  of  propane,  employing  ethylene-C  as  a  hydrogen  radical  trap 
H  +  C2H4  -*C2H5 

and  internal  scavenger  of  propyl  radicals 

C2H5  +  ft-  or  i- ¥  n-pentane  or  isopentane 

—  C2H4  +  C3H8  °r  C2H6  +  C3H6 

The  relative  yields  of  the  pentanes  and  hexanes  were  related  to  the 
formation  of  propyl  radicals  in  the  initial  step.  Jakubowski, 
Kebarle,  Strausz  and  Gunning  (115)  used  the  mass  spectrometric 
technique  (116)  with  methyl  radicals  as  a  propyl  radical  trap.  The 
results  of  these  studies  are  tabulated  in  Table  VIII  and  in  every 
case  the  initial  n-  to  isopropyl  ratio  is  about  1:9.  However,  since 
these  studies  did  not  take  into  account  reaction  [3] 

Hg*  +  A  - *  (HgA)*  [2] 


(HgA)* 


*  Hg°  +  A 


[3] 
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TABLE  VIII 


Summary  of  Radical  Yields  from  the  Mercury 
Photosensitization  of  Alkanes 


Sensitizer 

Compound 

Temp. 

l0/20/3°a 

Reference 

Hgdpp 

C3H8 

25° 

1/  10/  - 

113 

30° 

1/9.9/  - 

114 

54° 

1/9.1/  - 

115 

CD3CH2CD3 

54° 

l/>30/  - 

115 

CH3CD2CH3 

54° 

1/0.6/  - 

115 

C3D8 

54° 

1/7.0/  - 

115 

ch(ch3)3 

25° 

1/  -  / 32.4 

113 

Hg(1P1) 

C3H8 

25° 

1/1.0/  - 

117 

CH(CH3)3 

0° 

1/  -  /1.4 

117 

a 


Ratios  of  primary,  secondary  and  tertiary  hydrogen  atom 
rupture  not  corrected  for  the  number  of  similar  H-atoms. 


' 

40 


this  1:9  ratio  may  not  be  representative  of  only  the  Hg*  reaction. 
Holroyd  and  Klein  further  found  that  (per  H-atom)  a  tertiary  hydrogen 
is  about  350  times,  and  secondary  hydrogen  about  65  times  more  reactive 
than  a  primary  hydrogen  atom  toward  Hg*  sensitized  decomposition. 

Thus  both  the  quenching  cross  section  data  (Table  VII)  and  decomposition 
data  (Table  VIII)  indicate  that  the  quenching  of  excited  mercury 
atoms  occurs  directly  in  the  C-H  bond  and  leads  to  cleavage  from  the 
initial  site  of  quenching.  The  reactivity  of  the  H-atom  sites 
increases  in  the  order  1°  <  2°  <  3°. 

Holroyd  and  Pierce  (117)  have  studied  the  Hg '  sensitization 
of  a  number  of  paraffins.  Again,  only  C-H  bond  cleavage  is  observed, 
but  the  reactivity  of  the  hydrogen  atom  sites  is  markedly  different. 

Per  H-atom, 'the  tertiary  is  about  12  times,  and  the  secondary  only 
about  3  times  more  reactive  than  the  primary  hydrogen  atom  toward 
sensitized  decomposition  (Table  VIII).  It  was  suggested  that  the 
difference  in  reactivity  between  the  Hg*  and  Hg*  states  was  due  to  the 
greater  exothermicity  of  the  Hg  ’  reactions  (AH  =  -55.6  kcal/mole  for 
the  n-propyl  and  AH  =  -61.2  kcal/mole  for  the  isopropyl  product). 

Thus  a  type  of  linear  transition  state  model  discussed  above  is 
indicated  for  the  step  leading  to  decomposition  of  the  initially 
formed  complex. 

This  model  would  predict  the  10:2°:3°  yield  ratio  to  vary 
with  temperature  in  contradiction  to  Yang’s  arguments  (16,109). 

However  all  experiments  in  Table  VIII  were  done  near  room  temperature. 
Takumuku  and  Back  (118)  have  studied  the  effect  of  temperature  on 
the  Hg*  sensitized  decomposition  of  a  mixture  of  light  and  deuterated 
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propane  and  NH^.  Although  the  system  was  very  complex,  and 
involved  Hg  as  well  as  Hg*  atoms,  it  was  concluded  that  the  tempera¬ 
ture  and  competitive  quenching  effect  could  be  explained  by  assuming 
that  the  first,  and  perhaps  the  following  reactions  have  a  positive 
temperature  coefficient: 

NH3  +  (Hg*  or  Hg°)  - *  Hg  +  NH2  +  H 

(RHHg)*  *  R  +  H  +  Hg 

Hg°  +  RH  >  R  +  H  +  Hg 

Vikis  and  Moser  (119)  have  discussed  the  decomposition  of 
the  (R-HHg)*  bond  in  the  excited  complex  along  the  lines  of  Yang's 
theories  (15).  The  interaction  of  Hg°,  Hg*  and  Hg'  atoms  with 
alkanes  was  proposed  to  form  a  relatively  long  lived  (RHHg)*  complex 
on  a  potential  surface  which  decomposes  by  C-H  bond  rupture  or 
back  to  initial  substrates.  The  energy  content  of  the  complex  was 
dependent  on  which  excited  mercury  state  was  initially  present 
and  the  depth  of  the  potential  surface.  The  complex  surface  was 
assumed  to  correlate  with  a  Hg  -  H  -  R  ionic  surface.  Unimolecular 
decomposition  rate  constants  were  calculated  using  the  Rice-Ramsperger- 
Kassel-Marcus  (RRKM)  theory  restricted  to  this  upper  surface.  Their 
results  can  be  summarized  as  follows: 


1.  The  experimentally  determined  trends  in  the  rates  of  Hg* 

and  Hg°  quenching  with  various  paraffins  are  predicted  by 

theory  but  the  absolute  magnitudes  of  the  calculated  and 

2*  2  ° 

experimental  G  / G  ratios  are  as  much  as  a  factor  of  50 


lower  than  the  observed  values. 
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2 

2»  Predicted  isotope  effects  on  the  O  values  agree  well  with 
those  observed,  where  available. 

3.  Fair  agreement  is  found  between  the  relative  amounts  of 
quenching  of  the  Hg*  and  Hg '  atoms  by  primary,  secondary, 
and  tertiary  C-H  rupture. 

4.  Lifetimes  of  the  CCCP^)^,  CH^  and  perhaps  c-C^H^ 
complexes  with  mercury  were  predicted  to  be  several  orders 
of  magnitude  longer  than  those  of  other  hydrocarbons. 

However,  since  application  of  the  RRKM  theory  to  sensitization 
reactions  requires  the  limiting  assumptions  on  the  shape  of  the 
potential  surface  and  positions  of  crossover  to  decomposition,  the 
conclusions  must  be  regarded  as  only  approximate. 

Another  approach  to  the  study  of  the  sensitization  of 
paraffins  can  be  used.  If  the  mercury  atom  is  considered  as  a  species 
which  abstracts  a  hydrogen,  we  may  apply  the  simple  Bond-Energy-Bond- 
Order  (BEBO)  method  developed  by  Johnston  (120) .  This  treatment 
can  also  yield  relative  activation  energies  for  abstraction  of  the 
various  H-atoms  in  paraffins. 
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4.  Radical  Reactions  Occurring  in  the  Sensitization  of  C^Hg 
a.  H-Atom  Reactions 

The  H-atom  abstraction  reactions  by  hydrogen  atoms  from 
numerous  paraffin  molecules  have  been  studied  and  Arrhenius  parameters 
determined  (121).  In  relatively  few  cases,  however,  was  the  site  of 
attack  specified.  The  Arrhenius  parameters  reported  for  the  propane 
reaction  log  k  =  12.7  -  7400/2.3  RT  (cc  mole  ^  sec  (122),  determined 
by  y-radiolysis  of  the  C^Hg-C^H^  mixture,  refers  to  the  composite 
sum  of  the  two  concurrent  reactions: 


H  +  C3H8 


-  t-c  h  +  h2 


[12] 


-  «- c3h7  +  h2 


[13] 


The  ratio  ^3/^2  bas  not  been  determined  directly.  An  estimate 
of  the  ratio  can  be  made  if  it  is  assumed  that  the  reactivity  of 
the  primary  C-H  bonds  in  propane  is  the  same  as  that  of  the  C-H 
bonds  in  ethane.  Using  the  known  rate  constants  for  ethane 
10^  ‘  “*exp  (-9000/RT)  cc  mole  ^  sec  ^  and 


H  +  C2H6 


■*  c2h5  +  h2 


[11] 


for  propane  10^^ * ^exp (-7400/RT)  cc  mole  "^sec  ^  (122,123),  one  obtains 
k13^k12+k13^  ~  0,62  exP(“160°/RT) 

which  leads  to  a  value  of  ^3/^2  akout  0*8  exp (-1700/RT)  between 
30  and  200°C. 


Since  the  mercury  photosensitization  of  propane  produces  H- 


atoms  which  can  subsequently  react  with  propane,  giving  both  n-  and 
isopropyl  radicals,  the  ratio  k13/kl2  must  be  known  accurately. 


' 


■ 


44 

The  Hg *  photosensitization  of  produces  H-atoms  with  near  unit 
efficiency  (102)  and  therefore  the  system  is  ideally  suited 

for  the  study  of  competitive  reactions  of  H-atoms  with  propane.  The 
same  analysis  technique  and  temperature  study  as  used  for  pure 
propane  photosensitization  can  also  be  used. 

Reid  and  LeRoy  (124)  have  studied  the  reaction  of  C^H^ 
radicals  with  in  a  similar  system.  Mercury  photosensitization 
of  H„  in  the  presence  of  ethylene  was  used  to  produce  the  C9H 
radicals  which  then  were  allowed  to  react  with 

C2H5  +  H2  C2H6  +  H 

The  rate  for  this  reaction  was  found  to  be: 

log  ka=  12.7  -  13 . 7xl0^/2 . 3RT  (cc  mole--*-  sec--*-) 

after  proper  precautions  were  taken  to  minimize  secondary  reactions. 

O 

Beer’s  law  for  the  absorption  of  2537A  radiation  was  shown  to  hold 

-3 

for  (Hg)L  <  2.4  x  10  torr  cm  in  the  expression  I^/I^  =  exp [-£ (Hg)L] . 

-14  2  -1 

The  value  of  £  was  found  to  be  2.7x10  cm  atom  in  the  presence 
of  92  torr  ,  independent  of  temperature.  This  corresponds  to  a 
cell  path  of  6  cm  and  mercury  at  its  equilibrium  vapor  pressure  at 
10°C. 


b.  The  Reaction  n-C^H.,  +  C0H0^ 

- j—  / - j-~  b- 


Berkley,  Woodall,  Strausz  and  Gunning  (125)  have  studied  the 


abstraction  of  an  H-atom  from  propane  by  n-propyl  radicals: 


n- C3H?  +  CgHg 


i~ C0H9  +  C„H0 

J  /  Jo 


[14] 


The  rate  constant,  relative  to  recombination  of  n  radicals  (k^_) 


was  found  to  be 
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T  „  ,  /^  h  ^  r  7. 91x10' 

L°gk14/kr  =  2*6  -  273RT~ 


f  ,  -1  -1.3s 

(cc  mole  sec  ) 


At  room  temperature  this  reaction  is  negligibly  slow  but  at  higher 


temperatures  it  must  be  taken  into  account. 


c.  Measured  Total  Rate  and  Local  Rate  of  Reaction 

In  order  to  obtain  expressions  for  the  observed  rates  of 
product  formation  rather  than  the  local  rates  given  by  a  simple  steady 
state  treatment,  the  following  relations  have  been  derived  (126,127). 
Let  us  assume  that  the  local  rate  of  formation  of  compound  A  in 
a  small  volume  increment,  where  the  absorption  of  light  is  uniform 
across  the  increment,  is  given  by: 


HAl\  =  Yln 

•dt  /local  a 


where  y  is  a  function  which  includes  all  reactant  concentrations  and 
temperature  dependent  terms,  and  I  is  the  absorbed  intensity.  The 

cl 

ratio  of  the  measured  rate  of  production  of  A  to  that  of  the  local 
rate  which  is  representative  of  the  steady  state  treatment  is  given 


by : 


^  (d[A]/dt)measured  ^  (ecL)n  1 (1-e  £cLn) 

=  (d[A]/dt)local  "  n(l-e-£cL)n 

where  £  is  the  absorption  coefficient,  c  the  concentration  of  the 
absorber,  and  L  the  path  length.  When  n  =  h  this  becomes 


2q-e-ElHglL/2) 

{e[Hg]L(l-e'  [HgiL)}*5 

This  expression  for  6  is  based  on  Beer's  law  and  consequently  is  not 

-4 

exact  for  mercury  pressures  greater  than  4x10  torr  but  still  can  be 


used  as  a  good  approximation  to  the  required  correction. 


46 


5 .  Objectives  of  the  Present  Work 

Several  general  observations  can  be  made  from  the  foregoing 
discussion  of  mercury  photosensitization.  The  initial  step  in  the 
sensitization  process  in  most  cases  is  formation  of  a  van  der  Waals 
complex  molecule: 

Hg*  +  A  - *  (HgA)*  [1] 

However,  the  nature  of  this  complex  has  not  been  well  established. 

The  complex  can  then  decay  by  several  different  modes  other  than 
reversal  to  Hg*  and  A;  decomposition  of  the  substrate  molecule, 


(HgA)*  - *  Hg  +  A’ (Products)  [2] 

spin-orbit  relaxation, 

(HgA)*  - >  Hg°  +  A  [3] 

or  direct  emission  of  the  complex, 

(HgA)*  - *  Hg  +  A  +  hv' .  [4] 

The  Hg°  atoms  react  in  a  similar  manner;  formation  of  the  complex, 

Hg°  +  A  - >  (HgA) °  [7] 

decomposition  to  give  products, 

(HgA)0  - >  Hg  +  A' (Products)  [8] 

emission  of  the  complex, 

(HgA) °  *  Hg  +  H  +  hv"  [9] 

or  formation  of  the  mercury  eximer  molecule , 

Hg°  +  Hg  +  A - >  Hg*  +  A.  [10] 
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The  relative  importance  of  each  mode  of  reaction  will  depend  not  only 
on  the  accessibility  of  a  particular  reaction  surface,  but  also  on 
the  competitive  rates  of  processes  into  other  channels.  For  example, 
spin-orbit  relaxation  is  significant  in  both  ethane  and  ammonia 
(Table  II).  However,  decomposition  quantum  yield  of  ethane  is 
near  unity  (109)  but  the  decomposition  of  ammonia  is  very  low  and 
emission  from  the  (NH^Hg)°  complex  predominates  (72). 

The  present  work  attempts  to  clarify  the  participation  of 
this  excited  mercury-substrate  complex  in  the  reaction  and  to  dis¬ 
tinguish  between  the  various  theories  proposed  to  explain  the  quench¬ 
ing  reaction.  Although  the  sensitization  of  paraffins  has  been 
extensively  studied,  the  reaction  mechanism  is  far  from  clear  and 
in  some  casds  experiments  appear  to  give  contradictory  results. 

Since  propane  has  two  different  H-atom  abstraction  sites,  gives  band 
fluorescence,  and  promotes  spin-orbit  relaxation  to  the  Hg°  level, 
it  has  been  chosen  as  a  model  system  in  which  to  test  the  various 
theoretical  proposals.  The  following  questions  are  considered: 

1.  What  is  the  effect  of  temperature  on  the  product 
yields  of  photosensitized  decomposition  of  paraffins? 

2.  Will  this  effect  be  different  for  the  Hg°  and  Hg* 
reactions  and  how  does  this  relate  to  the  quenching  cross  section 
studies? 

3.  Can  the  nature  of  the  complex  be  inferred  from  the 
spectral  distribution  of  the  emission  from  the  mercury-substrate 


complex? 


*■- 

•  *— 
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CHAPTER  II 

EXPERIMENTAL 


1 .  Materials  and  Apparatus 

_6 

A  conventional  high-vacuum  system  evacuated  to  10  torr 
of  mercury  by  a  two-stage  mercury  diffusion  pump  was  used  (Figure  2) . 
The  cell  and  analysis  section  were  kept  grease-free  using  Delmar 
mercury  float  valves  and  helium-tested  Hoke  valves.  A  mercury  mano¬ 
meter,  McLeod  Gauge  and  Pirani  gauge  tubes  (Consolidated  Vacuum 
Corporation)  were  used  to  measure  the  pressure. 

a.  Materials 

The  materials  used,  their  source  and  purity  are  given  in 
Table  IX.  Those  condensable  at  -196°C  were  degassed  by  trap  to  trap 
distillation.  To  eliminate  all  traces  of  unsaturated  impurities, 
propane  was  first  bubbled  through  60  cm  of  a  concentrated  H^SO^ 
solution  containing  added  P^O^,  then  through  120  cm  of  a  saturated 
basic  KMnO^  solution,  passed  through  a  Drierite-Ascarite  drying 
column,  and  finally  distilled  at  -139°C  and  collected  at  -161°C 
(Figure  3) .  It  was  stored  in  a  5  liter  bulb  and  degassed  again 
before  transference  into  the  cell. 

Hydrogen  and  nitrogen  were  both  purified  in  an  apparatus, 
Figure  2,  which  consisted  of  a  20  mm  glass  tube  filled  with  copper 
turnings  heated  to  about  275°C,  followed  by  a  trap  filled  with  a 
molecular  sieve  material  kept  either  at  -196°C  or  -78°C.  Oxygen 
impurity  in  the  hydrogen  stream  is  converted  to  water  at  the  copper 
surface  and  trapped  in  the  molecular  sieve.  Oxygen  impurity  in 
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FIGURE  2:  High  vacuum  and  gas  handling  system. 
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TABLE  IX 


Source  and  Purity  of  Materials  Used 


Compound 

Source 

Grade  and  Purity 

Hydrogen 

Canadian  Liquid  Air 

a 

Nitrogen 

Airco 

Assayed  Reagent  Grade 

Nitrogen 

Linde  Air  Products 

a 

Carbon  monoxide 

Matheson  Co.  Inc. 

Research 

Helium 

Airco 

Assayed  Reagent  Grade 

Helium 

Canadian  Liquid  Air 

Passed  through  molecula: 

(for  chromatography) 

sieve  at  -196°C 

Neon 

Airco 

Assayed  Reagent  Grade 

Argon 

Airco 

Assayed  Reagent  Grade 

Krypton 

Airco 

Assayed  Reagent  Grade 

Xenon 

Airco 

Assayed  Reagent  Grade 

Methane 

Phillips 

Research  99.9  mole  % 

Ethane 

Phillips 

Research  99.91  mole  % 

Propane 

Phillips 

Research  99.99+-  mole  %; 

Neopentane 

Phillips 

Research  99.97  mole  % 

Isobutane 

Phillips 

Pure  99.  mole  % 

Cyclopropane 

Phillips 

Pure  99.  mole  % 

Cyclobutane 

Frinton  Labs 

Reagent 

Cyclopentane 

Aldrich  Chem.  Co. 

Reagent 

Cyclohexane 

Fisher  Chem.  Co. 

Reagent 

Ammonia 

Canadian  Liquid  Air  Co. 

Anhydrous 

Ethanol 

Absolute  99.9  mole  % 

CH3F 

Pierce  Chem.  Co. 

Reagent 

CH2F2 

Pierce  Chem.  Co. 

Reagent 

CHF3 

Matheson  Co.  Inc. 

Reagent 

CF4 

Matheson  Co.  Inc. 

Reagent 

-6 

Matheson  Co.  Inc. 

Reagent 

a  See  text  for  purification  and  purity. 
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FIGURE  3:  Gas  purification  line  and  circulating  flow  system. 
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the  nitrogen  stream  is  converted  to  copper  oxide,  and  water  is  trapped 
by  the  molecular  sieve. 

b.  Analytical  System 

Low  temperature  distillation  and  gas  chromatography 
(Figures  2,  4)  were  used  to  separate  and  measure  the  products.  The 
gas  chromatograph  was  constructed  from  a  thermal  conductivity  cell 
(Gow-Mac  model  TR  II  B  with  W-II  filaments,  300°F),  power  supply 
(Gow-Mac  9999-C,  250  ma) ,  Sargent  recorder  (1.0  mv  range),  and  6  mm  od 
glass  coil  columns  filled  with  the  appropriate  packing  and  liquid 
phases . 

The  helium  carrier  gas  was  first  passed  through  a  molecular 
sieve  at  -196°C.  The  flow  was  controlled  by  an  Edwards  needle  valve 
and  measured  by  a  calibrated  oil  manometer  and  bubble  flowmeter.  The 
injection  system  was  made  of  three-way  Hoke  valves  and  a  4-way 
stopcock  to  isolate  the  column  from  the  flow  system.  Gases  were 
trapped  at  ~196°C  in  glass  coils  filled  with  glass  wool,  attached  by 
4-way  stopcocks  downstream  from  the  detector.  The  columns  used  and 
the  retention  times  of  the  compounds  studied  are  listed  in  Table  X. 

c.  Filter  Solution 

A  1:1  aqueous  mixture  of  concentrated  NiSO^-CoSO^  solution 
and  "uv  dye"  2 , 7-dimethyl-3 ,6-diazacyclohepta-l , 6-diene  perchlorate 
(157)  200  mg/liter  was  used.  This  combination  had  a  transmission  of 

o  o  o 

about  1%  at  4047A  and  about  3%  at  2967A  and  4358A  compared  to  that 

O 

at  2.537A. 


H  -i-  * 
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FIGURE  4:  Gas  chromatography  line. 


Operating  Conditions  of  GLC  Columns  and  Retention  Times  of  Various  Compounds 


54 


d 

O 

•H 

P 

d 

cu 

4-1 

cu 

P 


cu 

0 

•H 

H 


d 

•H 

0 


CO 

Hd 

d 

d 

o 

cu 

6 

o 

o 


£  *H 

5-5 

P  O 
O 


cu 

p 

d 

p 

d 

P  O 
CU  o 
P 

§ 

H 


.d 

P 

60  P> 
d  m-4 

cu 


d 

§ 

i — i 

o 

o 


CM 


m 

CM 

vO 

CM 

in 

vO 

Ov 

CM 

o 

<r 

vO 

00 

m 

cn 

m 

00 

rH 

CTv 

i — 1 

CO 

rH 

rH 

rH 

CM 

co 

CM 


Ed 


in 


CM 


CM 


Ed 

u 


CU 

> 

CU 

•H 

CO 

P 

d 

rH 

d 

o 

<u 

rH 

o 

a 


X 

CO 

cu 


m 


o 

co 


i''- 

CM 


O 

CM 


<U 

d 

d 

p 

d 


cu 

d 

d 


rH 

p 

Eo 

d 

(U 

5d 

cu 

CU 

d 

cu 

p 

p 

d 

cu 

d 

d 

cu 

i — i 

CU 

cu 

d 

d 

p 

d 

6 

En 

d 

d 

p 

d 

d 

p 

•H 

d 

d 

d 

p 

cu 

d 

« 

p 

X 

P 

rO 

d 

p 

<U 

1 

cu 

CU 

o 

O 

PQ 

o 

p 

co 

a 

X 

p 

CO 

1 

CO 

1 

#* 

i 

1 

P 

w 

£ 

M 

£ 

CM 

CM 

£ 

cu 

0: 

O 

d 

00 

•H 

rO 

X 

rH 

P 

CO 

o 

o 

d 

O 

cu 

vO 

d 

o 

CO 

0 

•H 

o 

d 

/TV 

0 

o 

X! 

cr 

S'S 

o 

00 

co 

o 

o 

p 

i — l 

CO 

<r 

Hd 

o 

H 

o 

vO 

55 


2.  Static  Cell 

Low  temperature  experiments  with  ethylene-propane  mixtures 
were  carried  out  in  a  50  x  99  mm  cylindrical  quartz  cell,  and  some 
hydrogen-propane  mixtures  in  a  50  x  300  mm  cylindrical  quartz  cell. 

3.  Circulating  Flow  Cell 

In  order  to  control  the  mercury  concentration,  two  types 
of  flow  systems  were  used  for  all  other  experiments.  One  was 
designed  to  study  the  products  and  the  other  to  study  the  emission 
occurring  in  the  sensitization  reaction. 

A  simple  circulating  system  shown  in  Figure  3,  was  used  to 
maintain  low  conversions  while  allowing  a  measurable  buildup  of 
products.  The  50  x  40  mm  cylindrical  quartz  cell,  illuminated  from 
the  end,  was  enclosed  in  an  aluminum  block  furnace  with  Hot-Watt 
pencil  heaters.  The  tube  leading  to  the  cell  was  preheated  about 
5°C  higher  than  the  furnace  to  insure  temperature  equilibration  of 
the  gas.  The  temperature  was  controlled  by  Silicon  Control  Rectifiers 
with  thermocouple  detectors.  Some  experiments  between  20°  and  80°C 
were  performed  with  a  water  bath  instead  of  the  aluminum  block 
furnace.  In  all  experiments  the  temperature  was  measured  to  ±1°C 
by  a  calibrated  thermocouple-potentiometer  detector. 

The  gas  was  circulated  by  a  magnetically  operated  stirrer 
constructed  of  metal  vanes  and  shaft,  teflon  bearings,  and  a  glass- 
encased  magnet.  This  pump  was  operated  at  about  1800  rpm  to  establish 
a  rapid  flow  of  gas  through  the  cell  (^5  cc/sec).  The  mercury 
concentration  was  controlled  by  flowing  the  gas  mixture  through  a 


f  r  t .  ■  m 
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trap  containing  a  drop  of  mercury,  then  through  another  trap  filled 
with  1/8  glass  helices  before  entering  the  cell.  These  two  traps 
were  kept  at  0  C  by  an  ice  bath  unless  otherwise  specified.  The 
total  volume  of  the  system  was  controlled  by  the  size  of  a  ballast 
volume. 


a.  Mercury  Lamps 

In  most  experiments,  photolyses  were  done  by  a  Hanovia 
low  pressure  mercury  resonance  lamp  //8 7a-45.  A  few  runs  with  added 
were  performed  with  a  high  intensity,  low  pressure  quartz  spiral 
mercury  lamp  powered  by  a  5000  V,  120  ma  luminous  tube  transformer 

O 

and  had  a  2537A  line  intensity  about  30  times  greater  than  that  of 
the  Hanovia  lamp.  A  Vycor  7910  filter  was  placed  in  front  of  the 

O 

lamps  to  eliminate  wavelengths  below  2300A. 

b .  Actinometry 

O 

Two  actinometers  were  used  to  determine  the  2537A  light 
intensity  before  each  quantum  yield  experiment,  a)  The  Hg* 
sensitization  of  propane  at  800  torr  and  25°C  has  been  shown  to  have 
a  quantum  yield  of  hydrogen  production  of  0.58  after  it  has  been 
pre-irradiated  to  establish  an  equilibrium  concentration  of 
propylene  (128) .  b)  The  Hg*  sensitized  decomposition  of  N^O  at 
400  torr  with  1%  butene  added  has  a  nitrogen  quantum  yield  of  1.0 
below  120°C . (2 ,124) .  To  insure  complete  absorption,  all  the  quantum 
yield  experiments  were  done  with  the  saturator  at  room  temperature. 


, 
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c.  Operating  Procedure 

Propane  was  admitted  to  the  reaction  cell  and  frozen  into 
the  first  loop.  If  required,  hydrogen  or  nitrogen  could  then  be 
added  to  obtain  the  desired  total  pressure.  The  gases  were  circulated 
for  about  20  min  with  the  saturator  at  -78°C  and  then  1  hr  at  0°C 
before  each  run.  The  photolysis  time  was  normally  in  the  range  of 
5  to  20  minutes  depending  upon  the  intensity. 

After  irradiation,  circulation  was  continued  for  about 
15  minutes  with  both  traps  at  -196°C  in  order  to  trap  the  condensable 
products.  The  added  gas  was  then  carefully  pumped  off  through 
another  trap  kept  at  -196°C.  In  the  case  of  pure  propane,  noncon¬ 
densables  (found  to  be  hydrogen  only)  were  measured  in  a  gas  burette. 
The  remaining  condensable  products  were  distilled  at  -139°C  and 
the  fraction  not  volatile  at  this  temperature  (pentanes  and  hexanes) 
was  transferred  to  the  gas  chromatograph  injection  loop  for  analysis. 

4 .  Emission  Flow  System 

This  system  was  essemtially  the  same  as  described  earlier 
by  Penzes,  Strausz  and  Gunning  (67). 

a .  Emission  Cell 

The  cell  consisted  of  a  10  x  140  mm  "spectrosil"  tube 
with  plane  1/8"  thick  LiF  windows.  The  outlet  and  inlet  tubes  were 
sealed  close  to  the  windows  to  ensure  complete  circulation  of  the 
gas.  In  some  experiments  this  was  replaced  by  a  200  mm  double  wall 
"spectrosil"  cell  which  allowed  a  filter  solution  of  6  mm  radial 
path  length  to  surround  the  reaction  cell.  Closely  spaced,  blackend 
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brass  plates  collimated  the  exciting  beam. 

b .  Exciting  Lamp 

A  Hanovia  low  pressure  mercury  lamp  similar  to  that  used 
in  the  circulating  system  placed  parallel  to  the  emission  cell  was 
used.  A  stream  of  nitrogen  cooled  the  lamp  slightly  and  prevented 
ozone  formation  within  the  cell  enclosure. 

c .  Spectrograph  and  Photographic  Plates 

The  light  emerging  from  the  end  of  the  cell  was  focused  onto 
the  entrance  slit  (normally  20  ]im)  of  a  Hilger-Watts  medium  quartz 
spectrograph.  Kodak  130a-0  photographic  plates  with  a  linear 

O  O 

response  from  2400A  to  5000A  were  used  throughout.  The  plates  were 
developed  in  Kodak  D-19  developer  for  3.5  minutes  (25°C)  and  micro¬ 
densitometry  carried  out  on  a  Joyce,  Loebl  automatic  recording  MK 
IIIC  instrument.  The  photographic  plates  were  preexposed  for  15 
seconds  to  weak  white  light  before  the  experiment  to  insure  that  the 
optical  density  of  the  plate  was  linear  with  log  intensity. 

d .  Operating  Procedure 

A  ballast  pressure  was  first  established  by  a  low  tempera¬ 
ture  bath.  The  flow  and  pressure  of  the  gas  in  the  cell  was  then 
controlled  by  two  Edwards  needle  valves  and  measured  on  a  Matheson 
R-2-15-AAA  rotometer.  The  mercury  saturator  was  maintained  at  20°C. 
Exposure  times  varied  from  30  seconds  to  5  hours  depending  on  the 
intensity . 


'  • 
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CHAPTER  III 

THE  REACTIONS  OF  H- ATOMS  WITH  PROPANE 

The  mercury  photosensitized  decomposition  of  hydrogen  was 
used  to  study  the  reactions  of  H-atoms  with  propane  as  a  function  of 
temperature.  The  rate  of  reaction  can  be  easily  controlled  by  the 
intensity  since,  under  the  present  conditions,  the  quantum  yield  of  H^ 
decomposition  is  unity  (102) ,  independent  of  temperature  and  pressure. 

Various  mixtures  of  hydrogen  and  propane  at  a  total  pressure 

O 

of  about  1100  torr  were  photolyzed  at  2537A  between  37°  and  177°C. 

The  mercury  vapor  pressure  was  maintained  in  equilibrium  with  a  drop 
of  mercury  at  0.7°C  in  the  static  system  and  0.0°C  in  the  flow 
system.  The  only  products  observed  were  n- hexane,  2-methylpentane, 
and  2,3-dimethylbutane.  Propylene  formed  in  the  disproportionation 
reactions  could  not  be  separated  from  the  propane  present  in  the 
system. 

The  important  reactions  occurring  in  the  Hg*  sensitization  of 
hydrogen  in  the  presence  of  small  amounts  of  propane  are: 


Hg*  +  H2  - >  H  +  HgH  (Hg  +  H)  [15] 

H  +  C3Hg  i-C3H?(i-Pr)  +  H2  [12] 

n-C3H?(n-Pr)  +  H£  [13] 

n-Pr  +  C3Hg  i- Pr  +  CgHg  [14] 

*  n-Hexane  (Hx)  [lb] 

-  C3H8  +  SH6  [171 


2n-Pr 


60 


n- Pr  +  i-Pr  - ►  2-methylpentane  (MP)  [18] 

—  C3H8  +  C3H6  [19] 

2i-Pr  - >  2 , 3-dimethylbutane  (DMB)  [20] 

—  C3H8  +  C3H6  [21] 


A  steady-state  treatment  of  this  reaction  scheme  gives  the  following 
expression  for  the  fractional  rate  of  production  of  n-propyl  radicals 
in  terms  of  the  total  propyl  radicals  produced  (see  Appendix  B  for 
derivation) : 


R(n)/R(n+i)  "  Q1  -  Q2  "  V2  1221 

where 

_ k13[H]tC3H8] _ _ 

Ql.  (k12+k13)[H][C3Hg]  -  {k_12[i-Pr]  +  k_13[n-Pr] } [H2] 


k_i3 [ H2 ] [n-Pr] 
R(n+i) 


<b  = 


2[C3Hg]{k14[n-Pr]  -  k_14[i-Pr]} 

¥ 


14' 


( n+i ) 


The  terms  R ,  x  and  R,  . -x  denote  the  local  rates  of  production  of 
(n)  (n-K)  - 

n-propyl  and  total  propyl  radicals,  and  are  proportional  to  the 
local  absorbed  intensity.  The  ratio  R(n)/R(n+^)  has  been  calculated 
for  each  experiment  assuming  reactions  [16]  to  [21]  are  the  only 
ones  producing  hexane  products  and  the  disproportionation  to 
recombination  ratios  from  Terry  and  Futrell  (130,  Table  XXII  in 
Appendix  A) .  These  results  are  summarized  for  both  the  static  and 
flow  systems  in  Table  XI.  The  quantities  and  make  only  small 
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contributions  to  the  rate  equation  and  can  be  calculated  in  the 
following  way.  Since 


*«*  “  ki6["-pr]2  and  ^  -  k^K-Pr]2 


therefore,  Q2  =  R 


k-13[H2]/RHx\: 


(n+i)  \k16  / 


h 


and 


Q,  = 


2rdmb  (\p 


-1\  k14, 


3 


20 


where  -  k^/k  Rearrangement  of  equation  [22]  gives 


[R(«)/R(n+i)  +  «>2  +  V21"1  +  <*i  -  1 


[23] 


where 


[H2] {k_13[n-Pr]  +  k_12[i-Pr]} 
k13[H][C3H8] 


Substituting  expressions  for  the  concentrations  of  n-propyl  and 
isopropyl  and  assuming  k^[H]  [C^Hg]  =  R^,  Qj  becomes 

O'  =  +  k-12^H2-*  ^DMB^O^ 

1  R(n+i) 

It  should  be  noted  that  equation  [23]  is  in  terms  of  local  rates, 
whereas  evaluation  of  Qj,  and  all  require  measured  rates. 
Written  in  terms  of  measured  rates,  equation  [23]  contains  the 
factor  6 


6  =  2 { 1-exp (-£ [Hg]L/2) } 

{e [Hg]L[ 1-exp (-£ [Hg] ) ]  Y2 

which  takes  into  account  the  effect  of  nonlinear  absorption  of  the 


incident  light. 
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=  [R(n)/R(n+i)  +  +  V1"1  +  -  1 


The  following  rate  constants  were  employed  in  calculating  ^^2^13* 

K14  =  exp  (3.6x103/RT  -  0.51)  (125), 

k14  3  _i  ^ 

—  =  6.76  exp(-8. 25x10  /RT)  (cc  mole  sec  )  (125), 

2 

20 

bas  been  estimated  from  the  analogous  reaction  with 
ethyl  radicals  as  log  k_13  =  12.57  -  13. 73xl03/2. 3RT 
(cc  mole  '''sec  ^)  (124) , 

k_^2  has  been  estimated  from  k_.^  assuming  the  same  fre¬ 
quency  factor  and  increasing  the  activation  energy  by 
the  difference  in  the  heats  of  formation  of  the  propyl 
radicals,  AH^  =  2.9  kcal/mole  (112).  Thus,  log  k  ^  = 
12.57  -  16 . 6xl03/2 . 3RT  (cc  mole  '''sec  3)  .  Although 
this  may  be  far  from  accurate  it  is  adequate  for  these 
calculations . 

The  calculations  of  these  quantities  for  the  static  and  flow 
systems  are  given  in  Table  XI.  The  ratio  R^^/R^_^  primarily 
determines  the  k-^/k^  value.  Figure  5  displays  an  Arrhenius  plot 
of  anc*  a  least  mean  square  treatment  of  the  data,  weighing 

the  flow  system  points  as  twice  the  others,  gives 


log  t- ~~  =  0.1310.09  -  2010+190 


12 


2.3RT 


for  90%  confidence  limit.  Thus  “  1.38  exp(-2.0xl0  /RT)  in 

good  agreement  with  the  ratio  estimated  from  the  individual  rate 
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§oi  +  z 


10'  /RT 

FIGURE  5.  Arrhenius  plot  of  the  ^^3^12  ra^°  f°r  H-atom  abstraction  from  propane  by 
H-atoms,  from  Table  XI. 


constants  of  k  /k.  =  0.8  exp (-1 . 7x10  /RT)  (122,123). 

T L  (s 

Mercury  photosensitization  of  propane  has  been  neglected 


in  the  above  treatment  because,  at  the  maximum  [C„H0]/[H  ]  ratio 

jo  L 


used  (0.36),  only  8%  of  the  Hg*  atoms  are  quenched  by  propane 
2  °2  2  °2 

assuming  O  =  2.9A  and  O  =  10. 8A  (8).  Consequently  le 

L3h8  h2 

4%  of  the  propyl  radicals  originate  from  this  reaction. 


Addition  of  H-atoms  to  propylene  (129) 


H  +  C-H, 
3  6 


n-  or  ^-Pr 


[24] 


produced  in  the  disproportionation  of  propyl  radicals  has  been 
kept  to  a  minimum  by  keeping  the  percent  conversion  of  propane  low. 
The  ratio  of  the  rate  of  reaction  [24]  to  the  rate  of  H-atom  abstrac¬ 
tion  from  propane  by  hydrogen  atoms  is  given  by 


R24  =  /  k24  \  [C3H6] 

R12+13  \k12+k13/  tC3H8] 


Taking  Yang’s  value  of  ^24^R12+R13^  =  exp(4*8xl0  /RT)  (123) 

and  assuming  the  average  propylene  concentration  to  be  half  of  the 

total  propylene  produced,  the  ratio  ^24^R12+13  Can  ke  es^:*-ina^e<^ 
for  each  run  (Table  XI).  Since  this  ratio  is  small,  reaction  [24] 
can  be  neglected  at  higher  temperatures.  It  may  contribute 


significantly  to  the  kinetics  at  lower  temperatures,  however. 


* 
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CHAPTER  IV 

MERCURY  6(3PjL)  SENSITIZED  DECOMPOSITION  OF  PROPANE 

RESULTS  AND  DISCUSSION 

In  order  to  determine  the  effect  of  temperature  on  the 
initial  yields  of  n-  and  isopropyl  radicals,  the  mercury  photosensi¬ 
tized  decomposition  of  propane  has  been  carried  out  between  0°  and 
200°C.  The  yield  ratio  can  be  determined  from  the  observed  rates 
of  production  of  n-propyl  and  isopropyl  radicals  provided  all 
other  reactions  producing  propyl  radicals  in  the  system  are  taken 
quantitatively  into  account,  or  alternately  can  be  suppressed,  and 
the  only  reactions  removing  propyl  radicals  from  the  system  are 
radical-radical  recombination  and  disproportionation.  The  important 
steps  in  the  mercury  photosensitization  of  propane  at  moderate 
pressures  (P  >  100  torr)  are  as  follows: 


O 


+  hv  (2537A)  «= 

- v  Hg* 

[I] 

Hg*  +  C3H8 

— *  (HgC3Hg)* 

[25] 

(HgC3Hg)* 

— >  i- Pr  +  H  +  Hg 

[26] 

— ►  tt-Pr  +  H  +  Hg 

[27] 

—  C3H8+Hg° 

[28] 

— *  C3Hg  +  Hg  +  hv’ 

[29] 

Hg°  +  C3Hg 

— *  (HgCgHg) ° 

[30] 

(HgC3Hg)° 

— ►  i- Pr  +  H  +  Hg 

[31] 

. 
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— y 

tt-Pr  +  H  +  Hg 

[32] 

- y 

CgHg  +  Hg  +  hv" 

[33] 

n- Pr  +  C3Hg 

- y 

i-Pr  +  C3Hg 

[14] 

H  +  C3H8 

— y 

i- Pr  +  H2 

[12] 

— >• 

n- Pr  +  H2 

[13] 

2?^-Pr 

— y 

n-Hexane  (Hx) 

[16] 

— -y 

C_H.  +  C  H 

3  6  3  6 

[17] 

n-Pr  +  i-Pr 

— y 

2-methylpentane  (MP) 

[18] 

— y 

C3H8  +  C3H6 

[19] 

2i-Pr 

— y 

2 , 3-dimethylbutane  (DMB) 

[20] 

— y 

C3H8  +  C3H6 

[21] 

The  quantum  yield  of  propane  decomposition  by  Hg*  atoms  is  given  by 
=  (k26+k27)/(k26+k27+k28+k29), 

the  quantum  yield  of  spin-orbit  relaxation  of  Hg*  atoms  to  the  Hg° 
level  by  propane  is 


=  k28/(k26+k27+k28+k29}> 

and  the  quantum  yield  of  propane  decomposition  by  Hg°  atoms  is 


^k31+k32^  <‘k31+k32+k33^  * 


A  steady-state  treatment  of  these  reactions  gives  the  following 
expression  (Appendix  B) : 


- 

• 

- 
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2R^ 
(n+i) 


(71s) 

rT^TTs  =  Q4  +  ki3/(kio+ki-.)  -  6Q' 


12  13' 


[43] 


where  Q.  = 


and 


Qo  = 


k27[(HgC3H8)*]  +  k32[(HgC3H8)°] 

^k26+k27} [ (H§C3Hg}*]  +  (k3i+k32)[(HgC3H8)0] 

% 

^DMB  ( 


R 


(n+i) 


\  ^MB 


-  2K 


14  1  k2 
20 


14 

TT-[C0H0] 


3  8' 


The  term  6  is  the  correction  factor  which  must  be  applied  when  the 
observed  rates  of  product  formation  are  used  rather  than  local  rates 
given  by  the  steady  state  treatment,  because  of  the  very  large 
absorption  coefficient  of  mercury  (1,124).  Since  is 

-h 

proportional  to  I  »  Q3  tbe  only  term  in  equation  [43]  dependent 
on  intensity  and  6  is  given  by 


*  =  2{l-exp  (-£  [Hg]L/2)  } 

{e[Hg](l-exp(-e[Hg]L))} 


where  £  is  the  extinction  coefficient  of  mercury  and  L  is  the  optical 
path  length.  The  rates  of  tt-propyl  radicals  [R^^]  and  total  propyl 
radicals  [R^^^]  produced  in  the  system  are  calculated  from  the 
hexane  products  as  described  in  Appendix  A. 

In  order  to  verify  this  kinetic  treatment,  a  series  of 
experiments  was  performed  at  202°C  by  varying  the  light  intensity  and 
propane  pressure  (Table  XII).  The  ratio  2R^^/R^+^  from  Table  XII 


h 


-1, 


is  plotted  in  Figure  6  against  6  [C3V  (RDMB/R(n+-z:) )  (RMP/RDMB“2K14) 


h 


The  slope  (k  ,/k2  )  is  -0.132  in  good  agreement  with  the  value  -0.130 

-L.  4.  v 

—1  —1  ^5 

(cc  mole  sec  ) 2  calculated  from  the  data  of  Berkley,  Woodall, 


Strausz  and  Gunning  (125) .  Therefore  the  value  of  ^34/^20  obtained 
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(?+%/(U)H3 


FIGURE  6:  A  plot  of  2R(n)/R(n+i)  against  S^Hg]  [R^/R^^)  (R^/R^  -  215^)  from  the  mercury 
photosensitization  of  propane  at  200°C  from  Table  XII. 
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from  reference  (125)  has  been  adopted  in  the  following  computations. 

The  expression  can  be  separated  into  two  terms 
(Appendix  B) : 


"27 


Q*  =  k26;k27  6  + 


"32 


k31+k32 


(1  -  B) 


where  8  =  $*/  ($*  +  ’ )  .  Thus  is  made  up  of  contributions  from 

both  the  Hg*  and  Hg°  decomposition  reactions.  Since  <f>’,  the 
quantum  yield  of  Hg°  formation,  is  0.38  at  room  temperature  (44), 


the  value  of  8  is  near  unity  and  the  ratio  (k„,+k0_)  is  the 

27  26  27 


major  component  of  Q^.  The  quantitites  (k^+k  )  anc* 

are  evaluated  in  Chapter  V  assuming  that  emission  of  the  (HgC_H  )* 

complex  is  small  compared  to  the  other  reactions  (67,69)  so  that 

$*  =  1  -  $'  =  0.62.  Also,  calculations  have  been  carried  out  for 

Q  ,  k  Q/(k10+k  „),  and  8,  and  the  ratio  k0^/k  ,  derived  from  each 
J  XZ  XJ  Z/  Zo 

run.  A  summary  of  the  results  is  given  in  Table  XII. 

The  ethylene  scavenging  technique  described  earlier 
(113,114)  which  suppresses  reactions  [12]  and  [13]  has  been  used  to 
determine  the  ratio  ^27^26  at  ^ow  temPeratures •  Since  the  ratio 
of  the  rate  constant  for  abstraction  from  propane  to  that  of  addition 
to  ethylene  by  H-atoms 


H  +  C3Hg  - *■  i-Pr  +  H2  [12] 

- >  n-Pr  +  H2  [13] 

H  +  C2H4  - >  C2H5(Et)  [34] 

is  given  by  ^32+^13^ ^34  =  exP(_^‘^x-^  /RT)  (123),  H-atom 

addition  to  ethylene  is  favored  at  lower  temperatures  and  only 
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very  small  concentrations  of  ethylene  are  required  to  suppress  the 
abstraction  reactions  [12]  and  [13].  Larger  amounts  of  ethylene 
needed  above  room  temperature  can,  however,  interfere  with  the 
initial  sensitization  reaction  by  direct  quenching  of  the  excited 
mercury  atoms , 

Hg*  +  C2H4 - ►  Hg  +  C2H4* - >  C2H4 

resulting  in  an  overall  reduction  in  the  decomposition  rate.  The 
primary  yield  of  n-  and  isopropyl  radicals  is  not  affected  however, 
since  the  excited  ethylene  does  not  lead  directly  to  the  production 
of  propyl  radicals  or  pentane  products  (131) . 

At  room  temperature  and  below,  the  reaction 

n-Pr  +  C3Hg  £-Pr  +  C  Hg  [14] 

can  be  neglected  in  the  present  system.  At  low  temperatures, 
addition  of  a  few  percent  ethylene  leads  to  the  production  of  ethyl 
radicals  which  can  combine  with  the  propyl  radicals  present  in  the 
system  as  follows: 


Et 

+  n-Pr 

- > 

n-pentane 

[35] 

- »- 

C2H4  +  C3H8  °r  C2H6  +  C3H6 

[36] 

Et 

+ 

i 

TJ 

i-i 

1 

- > 

isopentane 

[37] 

- > 

C2H4  +  C3H8  °r  C2H6  +  C3H6 

[38] 

2Et  - 

- > 

n-butane 

[39] 

- > 

C2H4  +  C2H6 

[40] 

The  rates  of  n-propyl  and  total  propyl  radical  products  are  calculated 


, 


■ 
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from  the  pentane  and  hexane  products  (Appendix  A)  and  are  summarized 
in  Table  XIII.  The  maximum  percentage  of  the  H-atoms  reacting  with 
propane  and  the  percent  of  the  Hg*  atoms  quenched  by  ethylene  are 
also  included  in  this  table.  The  amount  of  propyl  radical  addition 
to  ethylene 

n-Pr  or  i-Pr  +  C0H,  — ►  C-H,,  [41] 

2  4  5  11 

can  be  estimated  from  the  total  propyl  radical  production 


2£-Pr 


-*■  2 , 3-dimethylbutane 


[20] 


R 


41 


R 


20 


vc2y 

k20^~Pr^ 


k41[C2H4]  ; 

k20^R20^k20^ 


by  taking  log  k41  =  11.22  -  6 . 93xl03/2 . 3RT  (132)  and  k9n  =  1013*8 


"20 


—1  *  —1 

cc  mole  sec  (133).  The  ratio  R42^R20  ^*006  f°r  t^ie  run  at 

29°C  and  therefore  it  is  reasonable  to  neglect  the  addition  of 
propyl  radicals  to  the  ethylene  in  the  kinetic  treatment. 

A  steady-state  treatment  of  reactions  [16]  -  [21]  and 


[25]  -  [40]  gives 


R(n)  _  _ k2?[  (HgC3H8^J  +  f  k32^HgC3H8^  ^ _ 

R(n+i)  ^k26+k27^  ^HgC3H8^-*  +  f  ^k31+k32^  (‘HgC3H8)  ■* 

where  f°  is  the  fraction  of  Hg*  atoms  which  leads  to  decomposition 
of  propane  via  the  Hg°  level.  An  expression  for  f°  can  be 
estimated  from  the  competitive  quenching  of  Hg°  atoms  by  ethylene 
and  propane 


Hg°  +  C2H4 

->  Hg  +  C2H4* 

- -  C2H4 

[42] 

Hg°  +  C3Hg 

-+  (HgCjHg) ° 

[30] 

*  *  •  • 

•• 


Mercury  Photosensitization  of  Propane-Ethylene  Mixtures 
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and  is  given  by 

£*  “  +  k42[C2H4]/k30[C3H8]) 


The  value  of  f°  for  each  experiment  (Table  XIII)  has  been  calculated 
assuming  k^/^Q  =  954.  (44),  =  0.38  (44),  and  the  evaluation  of 

described  in  Chapter  V.  Since  f°  is  small,  the  expression  for 
R(n)/R(n+i)  Can  ke  aPProximated  by  the  equation 


R 


(n) 


‘27 


R 


( n+i ) 


k26+k27 


(1  -  f°)  + 


"32 


k31+k32 


The  ratio  of  k^/  (k  i-k^)  known  (Chapter  V)  and  the  ratio 

k-_,/(k_  ,+k0_.)  has  been  calculated  from  the  observed  R,  N/R,  ,  .N  ratio 
27  26  27  (n)  (n-K) 

for  each  run.  These  computations  are  summarized  in  Table  XIII. 

An'  Arrhenius  plot  of  k0_/k„ ,  from  Tables  XII  and  XIII 

27  26 

is  shown  in  Figure  7.  A  least  mean  square  calculation  of  the 


experimental  points  in  Figure  7  gives 


log  k27/k26  =  -0.05±0.04-i|^P 

where  the  error  limits  are  one  standard  deviation.  For  comparison, 
the  results  of  Holroyd  and  Klein  (113) ,  Chesick  (114)  and 
Jakubowski,  Kebarle,  Strausz  and  Gunning  (115)  are  also  plotted  in 
Figure  7.  Since  these  studies  did  not  take  into  account  the  effect 
of  spin-orbit  relaxation  by  propane 


(HgC3Hg)*  - *  Hg°  +  C3Hg  [28] 

their  values  are  expected  to  represent  a  combination  of  both  the 
Hg*  and  Hg°  decomposition  of  propane,  leading  to  a  k27^k26  ratio 
lower  than  that  found  in  the  present  study.  The  ethylene  scavenging 


" 
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801  +  3 


studies  of  Holroyd  and  Klein  (113)  and  Chesick  (114)  are  not  affected 
significantly  by  the  presence  of  Hg°  atoms,  however,  because  of  the 
quenching  by  the  ethylene  as  in  the  present  system.  These  results 
are  in  good  agreement  with  those  obtained  in  the  present  study.  The 
effect  of  Hg°  atoms  is  more  pronounced  in  the  determination  by  the 
mass  spectrometric  technique,  however. 
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CHAPTER  V 

REACTIONS  OF  Hg(3PQ)  ATOMS  WITH  PROPANE 

1 .  Results 

Since  propane  quenches  Hg*  atoms  to  the  Hg°  level  with  a 
quantum  yield  of  0.38  at  room  temperature  (44),  the  observed  n-  and 
isopropyl  radicals  formed  in  pure  propane  are  the  result  of  both  Hg* 
and  Hg°  sensitized  decomposition.  In  order  to  distinguish  between 
the  reactivity  of  these  two  species,  various  ratios  of  nitrogen  and 
propane  were  photosensitized  at  a  constant  total  pressure  of  1000 
torr.  The  effect  of  temperature  was  also  studied  in  a  series  of 
experiments  between  27°  and  200°C.  The  quantum  yield  of  propyl 
radical  formation  has  been  determined  at  65°  and  200°C.  The  results 
are  summarized  in  Table  XIV  together  with  calculated  quantities 
based  on  the  data  (vide  infra) . 

Initial  radical,  yields  in  the  mercury  photosensitized 
decomposition  of  a  mixture  of  nitrogen  and  propane  have  been 
evaluated  in  terms  of  the  following  reactions: 


Hg  +  hv(2537A)  - >  Hg*  [I] 

Hg*  +  C3Hg  - ►  (HgC3Hg)*  [25] 

(HgC3Hg)*  - ►  i- Pr  +  H  +  Hg  [26] 

- ►  n- Pr  +  H  +  Hg  [27] 

- ►  CgHg  +  Hg°  [28] 

* 

- ►  CgHg  +  Hg  +  hv’  [29] 
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TABLE  XIV 


Mercury  Photosensitization  of  Propane-Nitrogen  Mixtures 


Time 

min 

C3H8 

torr 

N2 

torr 

DMB 

]iM 

2R,  \ 

( n ) 

R(n+i) 

F 

3 

a 

X 

b 

y 

T  =  27°C 

k13^k12+k13^ 

0.0439 

12.2 

30.0 

910 

0.083 

0.0855 

0.172 

/ 

0.125 

— 

0.0417 

20.1 

29.9 

910 

0.782 

0.0935 

0.172 

0.125 

- 

0.0494 

6.0 

30.2 

920 

0.217 

0.0948 

0.172 

0.125 

- 

0.0510 

7.0 

15.1 

963 

0.151 

0.0810 

0.087 

0.073 

- 

0.0370 

6.0 

49.9 

901 

0.268 

0.0914 

0.276 

0.172 

— 

0.0475 

5.0 

74.1 

868 

0.177 

0.0975 

0.401 

0.213 

— 

0.0537 

T  =  63 

°C 

k13/(k12 

+k13}  = 

0.0616 

15 

17.2 

1123 

0.263 

0.0981 

0.076 

0.070 

- 

0.0366 

14 

9.5 

1140 

0.221 

0.103 

0.046 

0.044 

- 

0.0412 

14 

32.6 

1127 

0.295 

0.0957 

0.132 

0.115 

- 

0.0342 

12 

58.5 

1097 

0.258 

0.104 

0.226 

0.181 

- 

0.0419 

10 

81.3 

1074 

0.240 

0.108 

0.307 

0.229 

- 

0.0464 

12 

28.9 

910 

0.244 

0.119 

0.143 

0.124 

- 

0.0561 

6 

28.2 

927 

0.257 

0.167 

0.138 

0.120 

- 

0.0533 

6 

12.4 

990 

0.181 

0.107 

0.065 

0.060 

- 

0.0447 

5 

68.8 

867 

0.205 

0.114 

0.319 

0.236 

- 

0.0519 

5 

50.5 

905 

0.154 

0.189 

0.235 

0.187 

- 

0.0563 

24 

12.1 

995 

0.127 

0.105 

0.063 

0.059 

0.308 

0.0423 

25 

19.4 

990 

0.248 

0.104 

0.093 

0.085 

0.647 

0.0414 

25 

9.9 

1038 

0.177 

0.114 

0.052 

0.049 

0.459 

0.0520 

27 

4.9 

1052 

0.076 

0.125 

0.031 

0.030 

0.201 

0.0622 

25 

41.1 

1007 

0.157 

0.107 

0.179 

0.149 

0.471 

0.0448 

25 

33.2 

1004 

0.148 

0.125 

0.148 

0.128 

0.480 

0.0626 

20 

17.2 

1004 

0.144 

0.110 

0.084 

0.077 

0.360 

0.0470 

25 

16.4 

910 

0.234 

0.109 

0.087 

0.080 

0.536 

0.0468 

Tii 

mil 

21 

25 

20 

20 

23 

6 

20 

19 

13 

13 

25 

60 

73 

12 

12 

14 

11 

11 

14 


80 


TABLE  XIV  (cont’d) 


Mercury  Photosensitization  of  Propane-Nitrogen  Mixtures 


C3H8 

torr 

N2 

torr 

DMB 

\M 

2R,  . 
(n) 

R(n+i) 

26.3 

908 

0.200 

0.105 

12.6 

906 

0.198 

0.105 

40.0 

906 

0.230 

0.112 

20.3 

906 

0.203 

0.117 

9.9 

906 

0.178 

0.106 

61.0 

912 

0.230 

0.115 

88.6 

906 

0.260 

0.117 

88.1 

906 

0.257 

0.110 

156.2 

820 

0.183 

0.123 

234.4 

740 

0.193 

0.123 

321.0 

680 

0.240 

0.128 

470.0 

480 

0.694 

0.139 

640.0 

240 

0. 686 

0.149 

F 

3 

a 

X 

b 

y 

0.132 

0.115 

0.550 

0.0429 

0.070 

0.065 

0.420 

0.0429 

0.192 

0.158 

0.640 

0.0495 

0.105 

0.094 

0.585 

0.0549 

0.058 

0.054 

0.456 

0.0436 

0.275 

0.212 

0.694 

0.0526 

0.381 

0.269 

0.883 

0.0545 

0.379 

0.268 

0.951 

0.0477 

0.647 

0.379 

0.1087 

0.0608 

0.922 

0.459 

0.303 

0.0610 

1.187 

0.497 

1.724 

0.0686 

1.642 

0.587 

1.99 

0.0782 

2.154 

0.641 

2.29 

0.0894 

T  =  124 

t°C 

kl3/(k 

12+k13) 

0.0944 

17.8 

1137 

0.206 

0.163 

0.082 

0.078 

- 

0.0691 

30.8 

1124 

0.230 

0.159 

0.120 

0.111 

— 

0.0661 

9.7 

1141 

0.197 

0.154 

0.058 

0.055 

- 

0.0606 

53.1 

1100 

0.242 

0.152 

0.185 

0.163 

— 

0.0580 

78.1 

1077 

0.218 

0.168 

0.257 

0.216 

- 

0.0751 

11.6 

1120 

0.217 

0.162 

0.065 

0.062 

- 

0.0674 

29.8 

1135 

1.546 

0.169 

0.117 

0.108 

- 

0.0750 

60.8 

1108 

0.178 

0.165 

0.206 

0.178 

- 

0.0727 

27.8 

908 

0.119 

0.168' 

0.131 

0.119 

— 

0.0738 

c 


. 
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TABLE  XIV  (cont'd) 


Mercury  Photosensitization  of  Propane-Nitrogen  Mixtures 


Time 

min 

C3H8 

torr 

N2 

torr 

DMB 

ViM 

2R/  \ 
(n) 

F 

3 

a 

X 

b 

y 

R(n+i) 

T  =  166°C 

k13^k12+k13^ 

0.1175 

14 

8.2 

1160 

0.184 

0.214 

0.075 

0.072 

- 

0.0969 

12 

17.2 

1175 

0.148 

0.210 

0.097 

0.091 

- 

0.0949 

11 

38.1 

1133 

0.196 

0.214 

0.151 

0.137 

— 

0.0992 

11 

59.6 

1105 

0.202 

0.217 

0.206 

0.181 

- 

0.1043 

12.8 

82.3 

1082 

0.244 

0.224 

0.264 

0.224 

- 

0.1127 

12.7 

29.1 

1135 

0.247 

0.215 

0.128 

0.118 

- 

0.1000 

11.5 

30.4 

910 

0.198 

0.218 

0.151 

0.137 

— 

0.1016 

T  =  200°C 

k13/(k 

12+ki3) 

0.1358 

25 

66.3 

820 

0.189 

0.239 

0.285 

0.240 

1.05 

0.1148 

25 

151.0 

784 

0.198 

0.229 

0.517 

0.387 

1.22 

0.1168 

23 

239.0 

680 

0.199 

0.232 

0.778 

0.516 

1.49 

0.1324 

22 

349.0 

605 

0.191 

0.221 

1.054 

0.625 

1.65 

0.135 

22.1 

428.0 

514 

0.182 

0.226 

1.28 

0.699 

1.71 

0.155 

60 

555.0 

350 

0.511 

0.213 

1.68 

0.802 

1.87 

0.153 

72 

700.0 

125 

0.614 

0.206 

2.27 

0.916 

2.26 

0.163 

X  = 


1  + 


k10  [Hg] [N2] 


k30  ^C3*V 


+  F (1  -  $'  + 


-I 


k25^C3*V 


7  =  2R(n)/R(n+i) 


ki3/(ki2/ki3)  +  6Q: 


• 

•• 

.. 

- 
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HS°  +  C3H8  - 

— ■  (HSC3H8r 

[30] 

(Hgc3H8r  - 

— >  i-Pr  +  H  +  Hg 

[31] 

— *■  n-Pr  +  H  +  Hg 

[32] 

— *  CgHg  +  Hg  +  hv" 

[33] 

H  +  C3H8 

— *  i- Pr  +  H^ 

[12] 

— >  n-Pr  +  H2 

[13] 

■pr  +  c3h8  «_= 

— >  ^-Pr  +  CgHg 

[14] 

2n-Pr 

— *  n-Hexane 

[16] 

—  SH6  +  C3H8 

[17] 

Pr  +  n-Pr  — 

— >  2-methylpentane 

[18] 

—  SH6  +  C3H8 

[19] 

2i-Pr 

— >  2 , 3-dimethylbutane 

[20] 

C3H6  +  C3H8 

[21] 

Hg*  +  N2  « - 

— >  Hg°  +  N2 

[44] 

+  Hg  +  A  - 

— >  Hg*  +  A 

[10] 

where  A  is  either  or  C^Hg.  Further  reactions  of  Hg*  are  not 
included  since  they  do  not  lead  to  production  of  propyl  radicals 
(81) .  The  ratio  of  twice  the  rate  of  n-propyl  to  total  propyl 
radicals  produced,  R^^/R^+^,  was  calculated  from  the  kinetic 
treatment  of  reactions  [16]- [21]  for  each  experiment  (see  Appendix 
A).  Quenching  of  Hg*atoms  by  nitrogen  in  its  v=0  level,  reaction 
[44] ,  probably  produces  vibrationally  excited  (v=l)  nitrogen,  but 
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at  the  low  light  intensities  used  in  the  present  system  reaction  [44] 
is  appropriate  (58) . 

As  shown  by  Back  (129),  the  effect  of  self-scavenging  by 
the  reaction 

H  +  - ►  n  or  i- Pr  [24] 

is  important  in  the  Hg*  photosensitization  of  propane  even  at 

3 

conversions  of  0.5%  or  less.  Since  ^2.2+k13^k24  =  ^  ^  exp (-4. 8x10  /RT) 
(123) ,  at  most  about  11%  of  the  hydrogen  atoms  are  consumed  in 
reaction  [24]  (at  27°C,  10  torr  propane,  and  1000  torr  nitrogen). 

At  higher  temperatures  and  propane  pressures  its ' contribution  is 
less  than  5%  and  can  be  neglected  in  the  following  calculations. 

Note  that  reaction  [24]  has  no  effect  on  quantum  yield  determinations 
because  it  also  leads  to  the  production  of  a  propyl  radical. 

The  occurrence  of  the  reaction 

2H  +  M  - >  H2  +  M  [45] 

where  M  is  either  the  walls  of  the  reaction  vessel  or  an  inert  gas 
molecule,  could  interfere  with  the  basic  kinetic  scheme.  At  the 
pressures  used  in  these  experiments  (1000  torr)  the  wall  reaction 
could  not  compete  effectively  with  recombination  or  abstraction  (134). 
Making  the  tentative  assumption  that  recombination  is  not  significant 
and  solving  the  steady  state  equation  for  [H]  gives 

R45/R12+13  =  k45[M]R(n+i)/2[C3H81  (kl2+k13) 

15  2  -2  -1 

Larkin  (109)  has  found  k^  (M=Ar )  to  be  4.6x10  cc  mole  sec 
at  291°K  with  a  temperature  dependence  of  T  2  or  larger  (135,136). 


* 


- 


» 


Assuming  k12  +  k13  =  1012’7  exp (-7 . 4x103/RT)  cc  mole”1  sec"1  (122) 
and  conditions  most  favorable  to  reaction  [45]  (27°,  10  torr  propane, 
and  1000  torr  nitrogen),  R45/R12+i3  =  l*6xl0~2  and  about  2%  of  the 
hydrogen  atoms  react  by  recombination  rather  than  abstraction  from 
propane.  Since  decreases  and  R22+R13  increases  with  increasing 
temperature,  1^45/1^2+13  decreases  rapidly  with  increasing  temperature 

or  propane  pressure.  Consequently  even  an  error  of  a  factor  of  two 

/ 

or  three  in  the  value  used  for  k^  (M  =  N2) ,  would  be  compensated  for 
by  the  square  terms  and  therefore  it  is  reasonable  to  neglect  H-atom 
recombination . 


a.  Calculation  of  the  Decomposition  Quantum  Yields  of  Propane  by 

Hg*  and  Hg°  Atoms 

The  overall  quantum  yield  of  decomposition  of  propane  in 

O 

a  mixture  of  mercury,  nitrogen,  and  propane  irradiated  by  2537A 
light  is  given  by 


$  =  R26+27  +  R31+32 

T  R-I+R25+R30+R10~R28 


where  R0.10_,  is  the  combined  rate  of  reactions  [26]  and  [27],  R  T 
26+27 

is  the  rate  of  spontaneous  emission  of  the  Hg*  atom,  etc.  This  can 
be  written  in  terms  of  measurable  quantities  and  known  rate  constants 
as  follows  (see  Appendix  B  for  derivation) : 


1  + 


k  [Hg][N  ] 

W?- 


+  F|1  -  $'  + 


-I 


k25[C3H8] 


)] 


= 


[49] 


where 


c 

*■ 


» 


. 
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[SV 

[n2] 


10[Hg][A]  \ 


jl  + 


tC3H8]  k25 ) 
[N2]  k44) 


Thus  and  $°  can  be  evaluated  if  the  terms  on  the  left  hand  side 
of  equation  [49]  are  known.  There  are  several  values  available  in 
the  literature  for  the  rate  constants  required  for  the  calculation. 
The  most  reliable  ones,  listed  in  Table  XV,  have  been  employed  in 
the  present  computations  which  are  summarized  in  Table  XIV.  Plots 
of  the  left  hand  side  of  equation  [49]  against  F  at  63°  and  200°C 
are  shown  in  Figure  8.  The  curvature  observed  in  this  plot  at  63° C 
below  F  =  0.2  is  probably  due  to  loss  of  radicals  by  the  radical- 
radical  reactions 


H  +  n-Pr 

—  C3H8 

[46] 

H  +  i- Pr 

— "C3H8 

[47] 

An  estimate  of  the  rates  of  reactions  [46]  and  [47],  compared  to 
abstraction  of  H-atoms  from  propane  by  hydrogen,  has  been  made  from 
the  rate  of  the  analogous  reaction  with  ethyl  radicals: 


H  +  C2H5 


^  C2H6 


[48] 


13  -1  -1 

Assuming  k46+k4?  »  k4g  =  2.3x10  cc  mole  sec  (137)  and  klg 

,_13.8  1  -1  -1 

10  cc  mole  sec 


(133) ,  the  ratio 
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TABLE  XV 

Quenching  Cross  Sections  and  Rate  Constants  Used 

in  the  Calculation  of  k_0/k_.. 

dz  dl 


Quantity 


Value 


Reference 


a2* 

C3H8 

<a2V°) 


k25/k44 


C3H8 


10 


K 


44 


-I 


$ 


°2 
3.1  A 


5.6 


5.57  exp[(l/300-l/T)1.6xl0  /R] 

,  «  in18  2  -2  -1 
3.8x10  cc  mole  sec 


3  exp (-5. 0x10  /RT) 


-7 


sec 


Calculated  from  T  =  1.145x10 

o 

with  the  correct  imprisonment  formula 
applied  (5,9,14) 

0.38 


17/k16 

0.154 

/k 

19'  18 

0.408 

/k 

2l'  20 

0.69 

36/k35 

0.118 

/k 

38'  37 

0.306 

58 

78 

58 

80 


7 

44 

130 

130 

130 

130 


130 


■ 


0.24 


X 


R46+47  =  (k46+k47)[n~Pr]/[i'Pr]RHx 

R12+13  (k12+kl3)[C3H8]  4 

is  approximately  0.3  at  25°C  and  10  torr  propane,  and  decreases  at 
higher  pressures. and  temperatures.  However,  reactions  [46]  and  [47] 
would  have  little  effect  on  the  calculated  n-propyl/isopropyl  ratio 
since  both  rate  constants  are  near  the  collision  frequency  and 

k46/k47  ”  1- 

The  slopes  and  intercepts  of  plots  in  Figure  8  for  F  >  0.2 
are  given  in  Table  XVI.  Although  the  experimental  errors  are  large, 
it  is  apparent  that  $>*  decreases  and  increases  with  increasing 
temperature. 


b .  Calculatipn  of  the  Ratio  ^ 

A  steady  state  treatment  of  reactions  [25]  -  [33],  [12]  - 
[14] ,  and  [16]  -  [21]  leads  to  the  same  expression  for  twice  the 
fractional  yield  of  n-propyl  radicals  as  derived  before  (see  Chapter 
IV  and  Appendix  B) : 


2R(n)  =  ,  k13 

R(n+i)  4  k12+k13 


-  SQ, 


[43] 


'32 


where  Q  =  - 

4  k31  32 


'27 


'32 


k26+k27  k31+k32 


3 


3  =  F$*/($°  +  F$*) 


r  _  2{l-exp (-C [Hg] L/2) } 

{e [Hg](l-exp(-e [Hg] L) ) } 


. 


' 

* 

4 


TABLE  XVI 


Calculation  of  $*  and  at  63°  and 
200° C  from  the  Data  shown  in  Figure  8 
for  Points  Greater  than  F  =  0.2 


T(°C) 

Slope  ($*) 

Intercept  ($°) 

63 

/ 

0.84  ±  .05 

0.57  ±  .06 

200 

0.58  ±  .04 

0.95  ±  .06 

a 


Errors  given  are  one  standard  deviation 


1 


90 


,  „  ^BMB 
and  Q  =  - -  - - 

J  dMB 


-  2K71  -i*  [C3Hg] 


14 

20 


This  mechanism  predicts  a  linear  dependence  of  the  quantity 

2R(n)/R(n+i)  k13^k12+k13)  +  ^3  on  t*ie  exPressi°n  3,  with  the 

intercept  given  by  k^/  (k^-j+k^)  *  Computed  quantities  from  experiments 

at  five  temperatures  are  summarized  in  Tables  XIV  and  XVII  and  dis- 

/ 

played  in  Figures  9  and  10.  An  Arrhenius  plot  of  ^32^31  calculated 
from  these  values  is  shown  in  Figure  11  and  each  point  is  assigned 
the  accompanying  error  limit  from  Table  XVII.  A  least  mean  square 
calculation  of  these  points  gives: 


log  k32/k31  =  -0. 06±0. 070  - 


(1. 90±0. 12)xl0~ 

2.30RT 


where  the  errors  given  are  for  one  standard  deviation.  Thus 


k32/k31  =  °*78  expC1-9^10  /RT)- 


TABLE  XVII 


Summary  of  Results  from  Figures  9  and  10 


T(°C) 

No.  of  Points 

Slope3 

Intercept;  k  / (k  +k  )a 
32  31  32 

27 

6 

0.10  ±.04 

0. 0328±. 006 

63 

31 

0.057±. 008 

<  / 

0. 0412±. 002 

124 

9 

0. 038±. 04 

0.0641±.005 

166 

7 

0. 107±. 02 

0.08671.002 

200 

7 

0.078±.01 

0.09211.006 

a 


Errors  given  are  one  standard  deviations 


i 

0.12 
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FIGURE  9:  Plots  of  2R(n)/R(n+£)  -  k^/  (k12+k13)  +  ^3  against  3  at  27°C,  Q;  124°C,  □  ;  166°C 
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o 


o 


FIGURE  10:  Plots  of  2R^/R^+^  -  k^/ ^ki2+k13^  +  5Q3  a8ainst  $  at  63°C,  Q ;  and  200°C,D 
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C 


TS/ZS  Soi  +  z 


10  /T 

FIGURE  11:  Arrhenius  plot  of  the  ^32^32  ratio  f°r  the  Hg°  sensitized  decomposition  of  propane 
including  the  error  limits  from  Table  XVII. 
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2.  Discussion 

The  foregoing  computations  of  $>*,  $°,  k0-,/k0,  and  k00/k 

2!  2o  521 

are  based  on  the  preferred  values  of  rate  constants  listed  in  Table 
XV  (referred  to  as  the  basic  rate  constant  set).  The  effect  of  vary¬ 
ing  these  parameters  over  a  reasonable  range  have  also  been  examined. 
These  computations  are  summarized  in  Table  XVIII. 

The  basic  rate  constant  set  includes  the  disproportionation 
to  recombination  rate  constant  ratios  (k^/k^)  of  Terry  and  Futrell 
(130).  If  the  k^/kr  values  of  0.15,  0.35  and  0.55  for  n+n,  n+£, 
and  £+£  propyl  radicals,  respectively  (138,139)  are  employed  the 

quantities  ^27^26  anc*  ^32^31  are  on^y  decreased  by  5%.  Recently 
the  k^/k^  ratio  for  isopropyl  radicals  has  been  shown  to  be 
independent  qf  temperature  (within  ±0.5  kcal/mole)  between  26°  and 
207°C  with  a  value  of  0.61  (140).  However,  if  we  assume  the  k^/k^ 
ratios  to  be  dependent  on  temperature  by  as  much  as  1  kcal/mole  in  the 


form  of 


[k,/k  ]  ,  =  0.15  exp [ (1/ 300-l/T)xAE  /R] 

d  r  n+n  r  nn 

and  similarly  for  n+i  and  £+£,  the  absolute  magnitudes  of  the 

activation  energies  change,  but  AE°-AE*  is  never  less  than  0.6  kcal/ 

mole.  Note  also  that  if  it  is  assumed  that  [k,/k  ].,.  increases 

a  r  ‘t+'i 

with  temperature,  $°  becomes  greater  than  unity.  Consequently  a 

small  activation  energy  in  favor  of  disproportionation  over 

recombination  has  little  effect  on  the  calculated  rate  ratios  and 

leads  to  an  unreasonable  quantum  yield  of  decomposition  of  propane. 

2*  2° 

Values  ranging  from  5.6  to  290  for  (a  /a  )  have 

l3  8 

been  reported  in  the  literature  (Table  IV).  Computations  given  in 


■ 


, 


96 

Tables  XIV  and  XVI  are  based  on  a  value  of  5.6.  Employing  a  larger 

value  reduces  the  difference  between  AE°  and  AE*  and  increases  the 

difference  in  the  A-f actor  ratios  (Table  XVIII) .  Quenching  cross 

section  ratios  larger  than  30  however,  are  incompatible  with  the 

present  experiments  since  they  lead  to  values  of  k^/ (kg^+k^) 

at  27°C  less  than  zero  (the  intercept  of  Figure  9).  Furthermore 
2*  2* 

making  (O  /o  )  a  constant  rather  than  a  temperature  dependent 
C3H8  N2 

variable  (to  the  extent  of  1.6  kcal/mole)  does  not  alter  the 
calculated  results  significantly. 

Callear  and  McGurk  (44)  reported  a  value  of  the  quantum 
yield  of  Hg°  formation  by  propane,  of  0.38  at  room  temperature. 

Assuming  that  emission  from  the  (HgCLHft)*  complex  is  negligible 


compared  to  reactions  [26]  -  [28]. 

(HgC3Hg)*  - ►  i-Pr  +  H  +  Hg  [26] 

- ►  n- Pr  +  H  +  Hg  [27] 

- ►  C3Hg  +  Hg°  [28] 

- ►  C3Hg  +  Hg  +  hv'  [29] 

($*  =!-$’)  and  allowing  to  vary,  a  value  for  AE°  -  AE* 


of  0.9  kcal/mole  is  obtained  at  =  0.2  and  0.2  kcal/mole  with  = 
0.6  (Table  XVIII).  Therefore,  the  quantum  yield  of  spin-orbit 
relaxation  must  be  greater  than  0.6  so  that  AE°«AE*  (within  experi¬ 
mental  error)  in  the  present  system.  This  is  an  extremely  high 
value  of  in  view  of  Callear  and  McGurk 's  observations. 

If  we  consider  the  following  reactions  for  the  deactivation 


of  Hg°  atoms  by  propane, 


< 


- 


■ 
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Hg°  +  C3Hg  - *  (HgCgHg)  °  [30] 

(HgCgHg)  °  ►  i-Pr  +  H  +  Hg  [31] 

- *  n- Pr  +  H  +  Hg  [32] 

- *  CgHg  +  Hg  +  hv"  [33] 

we  have 


=  (k31+k32)/(k31+k32+k33)' 

From  $°  values  at  63°  and  200°  (Table  XVI),  the  ratio  k32/k31 
determined  above  and  the  basic  rate  constant  set,  the  following 
relationship  has  been  derived: 


^31^33  =  1*4x10^  exp (-6. 2xlO^/RT) 


Therefore  decomposition  of  propane  by  Hg°  atoms  via  reactions  [31] 
and  [32]  proceeds  with  an  average  activation  energy  of  6.2  kcal/mole 
larger  than  fluorescence  from  the  mercury-propane  complex.  The 
values  of  k3^/k33  have  also  been  computed  employing  rate  constants 
other  than  those  of  the  basic  set  and  these  are  included  in 


Table  XVIII. 

Similarly,  from  the  reactions 


(HgC3Hg)*  - 

— >  i-Pr  +  H  +  Hg 

[26] 

— *  tt-Pr  +  H  +  Hg 

[27] 

— *  C3Hg  +  Hg° 

[28] 

— >  C3Hg  +  Hg  +  hv’ 

[29] 

~  ^k26+k27^k26+k27+k28+k29')  * 


we  have, 


•• 


_ 
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and  $  k28^k26+k27+k28+k29')  * 

Since  emission  from  (HgC_H0)*  is  much  less  important  than  spin-orbit 

JO 

relaxation,  kOQ  «  k  Q,  (44,67);  has  been  determined  at  63° 

Zy  Zo 

and  200°C  (Table  XVI)  and  the  ratio  k__/k0.  given  above,  we  have 

Z  /  Zo 

k.o/t,  =  31  exp(-3. 3xl03/RT) . 

Zo  Zb 

From  this  expression,  and  (since  =  1  -  $*  when  kOQ  «  koc) 

Zy  Zo 

can  be  determined  at  any  temperature.  Furthermore,  since  was 
required  for  the  calculation  of  F  in  Equation  [49] 


k  [Hg][N  ] 

*t11  +  -k.Jcx'1  ■  +  Ft1-  »'  +koc[C 


‘30  3  8 


l(f  1 :  K« 


(> 


25 


W  ) 


=  $*F  + 


[49] 


k25^C3H8]  ^ 
k44  ^N2^ 


F  = 


C3H8 


k10 [Hg] ^ 

k44^N2-* 


’l  + 


[C3H8]  k25 
[V  k44 


an  iterative  computation  has  been  carried  out  by  placing  the  resulting 
values  of  into  F  and  redetermining  the  quantities  and 
through  equation  [49] .  A  self-consistent  set  of  values  was  obtained 
when 

k00/k0,  =  l.lxlO3  exp (-6. 5xl03/RT) 

28  26 

(Table  XVIII) .  Both  A*  /A*  and  AE*  calculated  in  this  manner 

27  26 

decrease  somewhat  but  and  ^E°  are  unchanged  from  the  results 

computed  by  keeping  constant.  Therefore  the  crossover  from  the 

Hg*-C0H  to  the  Hg°-C„H  potential  surface  lies  between  3  and  6 
3  8  3  8 

kcal/mole  above  the  crossover  to  decomposition. 


Computed  Quantities  Employing  Various  Values  of  Input  Rate  Constants 
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It  can  be  concluded  from  Table  XVIII  that  either  AE°  -  AE* 
=  0.6  kcal/mole  and  A32^A3i  =  A27^A26  —  AE°  =  AE*  and  (A32/A3j_)/ 


(A*^/A*^)  ~  2  -  3  depending  on  which  set  of  input  parameters  are 

used.  The  first  alternative  occurs  over  a  reasonable  range  of 

k^/k^  (both  dependent  and  independent  of  temperature) ,  whether  or  not 
2*  2* 

(O'  /O  )  is  a  constant  or  temperature-dependent,  and  when  $*,  as 
C3H8  N2 


found  by  experiment,  is  temperature  dependent.  The  second  alternative 

only  becomes  possible  for  the  extreme  cases  when  O’  ^  0.6  or 
2*  2° 

(o  /o  )  >30.  Therefore  the  first  alternative  is  more  reason- 

C3H8 

able.  In  addition,  there  is  no  evidence  at  present  which  would 

suggest  that  ^32^31  an<^  A27^A26  s^ou^  different,  whereas  a 
difference  in  AE°  and  AE*  can  be  readily  visualized  as  a  difference 
in  potential  energies  of  crossing  between  the  Hg°-  and  Hg*-propane 
complex  surfaces  and  the  surfaces  leading  to  decomposition  of  the 
propane.  A  correlation  of  potential  energy  surfaces  with  the 
activation  energy  differences  measured  in  the  present  study  will  be 


discussed  in  Chapter  VII. 
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CHAPTER  VI 

EMISSION  FROM  EXCITED  MERCURY- SUBSTRATE  COMPLEXES 

It  has  been  shown  from  this  laboratory  (67)  and  by  others 
(49,71-75)  that  the  measurement  of  band  fluorescence  gives  pertinent 
information  about  the  nature  of  the  excited  mercury-quencher  inter¬ 
action.  The  early  work  by  Oldenberg  (65),  Kuhn  (64)  and  others  (63, 
66)  has  long  been  overlooked  by  those  chemists  interested  in  under¬ 
standing  the  electronic  energy  transfer  process.  Since  the  quantum 
yield  of  paraffin  decomposition  is  not  always  unity  (16)  and  in  view 
of  the  temperature  dependent  n-propyl  to  isopropyl  ratio  observed  in 
the  mercury  photosensitzation  of  propane  (Chapters  IV  and  V)  it  is 
of  interest  to  study  this  band  fluorescence  in  more  detail.  Emission 
from  excited  mercury-substrate  complexes  using  a  series  of  related 
compounds  has  been  examined  as  a  possible  mode  of  deactivation  of  the 
excited  mercury  atom. 

1.  Results 

The  fluorescence  spectra  observed  from  a  system  containing 

O 

mercury  and  a  quencher  irradiated  with  2537A  light  can  be  divided 
into  three  characteristic  regions:  a)  bands  appearing  a  few  angstroms 

O  O 

on  either  side  of  the  2537A  resonance  line  (±20A) ;  b )  structureless 
bands  appearing  as  a  broadening,  or  a  partially  resolved  shoulder, 
extending  several  hundred  angstroms  to  the  long  wavelength  side  of 

ft 

the  resonance  linej  and  o )  structureless  bands  toward  longer 

o 

wavelengths  separated  completely  from  the  2537A  line.  For  comparison. 


■ 


a  microdensitometer  trace  of  the  mercury  resonance  lamp  emission 
is  shown  in  Figures  12  and  13.  The  sharp  lines  observed  in  some 
of  the  spectra  are  due  to  scattered  light.  Table  XIX  summarizes  the 

O 

separation  of  the  band  maxima  from  the  2537A  resonance  line  for  all 
the  compounds  which  gave  separate  emission  band  maxima. 

Figure  14  gives  the  trace  of  the  fluorescence  spectra 

O 

obtained  with  mercury  in  the  presence  of  nitrogen.  The  3350A  and 

0  3  3  - 

4850A  emission  bands  attributed  to  the  A(  1  )  and  A(  0  )  states  of 

u  u 

O 

Hg2  (22)  are  clearly  seen,  as  well  as  a  broadening  of  the  2537A 
resonance  line  to  the  long  wavelength  side.  There  is  also  a  band 
close  to  the  resonance  line  in  the  a  region  (Figure  15). 

The  fluorescence  spectra  in  the  presence  of  ammonia,  water 
and  ethanol  (Figure  16-18)  each  have  one  structureless  band  in  the 
Q  region.  The  emission  intensity  increase  markedly  in  the  order 
nh3  >  h2o  >>  (^H^OH.  The  carbon  monoxide  spectrum  is  somewhat 
different  (Figure  19)  in  that  it  is  extremely  weak  with  the  intensity 
increasing  uniformly  towards  longer  wavelengths  to  the  limit  of 

o 

plate  sensitivity  at  5000A. 

The  emission  spectra  observed  in  the  presence  of  various 
rare  gases  around  atmospheric  pressure  and  room  temperature  are 
displayed  in  Figures  20-27.  With  Ar  and  Xe,  at  least  two,  and  with 
Kr,  three  bands  appear  in  the  a  region  of  the  spectra.  With  He  and 
Ne,  asymmetrical  broadening  of  the  resonance  line  toward  the  short 
wavelength  side  indicates  that  these  gases  also  give  weak  band 
fluorescence  in  this  region.  An  experiment  with  10  torr  Xe  indicated 
that  the  a  band  positions  were  independent  of  pressure  between  10  and 


- 
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800  torr.  There  is  a  consistent  trend  in  the  band  positions 
throughout  the  noble  gas  series.  Going  from  He  to  Xe,  the  maxima 
of  the  a  region  bands  shift  toward  the  resonance  line  and  become 
more  intense.  In  addition,  Ar,  Kr,  and  Xe  give  one  band  in  the  b 

O 

region  extending  to  2600,  2700,  and  3000A,  respectively.  Xenon  has 

O 

a  broad  maxima  at  X^2690A  while  Kr  and  Ar  broaden  the  resonance 
line  extensively  toward  longer  wavelengths.  These  gases  show  a 
faint  though  definite  fine  structure  superimposed  on  the  continuum 
near  the  resonance  line  (Figure  27)  while  Xe  in  addition  shows  a 
slight  indication  of  structure  throughout  the  continuum  (marked  of 
Figure  26) . 

A  trend  similar  to  that  found  in  the  rare  gases  is 
observed  in  the  presence  of  paraffins  around  atmospheric  pressure 
and  room  temperature  (Figures  28-40) .  A  single,  short  wavelength 
band  converges  on  the  resonance  line,  while  the  b  region  band  shifts 
progressively  to  longer  wavelengths  as  the  molecular  weight  of  the 
substrate  increases.  Paraffins  containing  less  than  three  carbon 
atoms  give  only  an  asymmetrical  broadening  of  the  resonance  line 
toward  longer  wavelengths  while  larger  molecules  give  a  broad 

O 

maximum  beyond  2650A.  Reducing  the  total  pressure  of  isobutane  or 
neopentane  to  8  torr  (Figures  34-36)  shifts  the  emission  spectra 
slightly  to  shorter  wavelengths.  Cyclopropane  appears  to  differ 
significantly  from  propane  in  that  the  b  region  band  extends  to 

o  © 

3000A  with  a  maximum  at  about  2690A.  However  the  emission  spectra 
in  the  presence  of  larger  cycloparaffins  are  similar  to  their 
straight  chain  analogs. 


. 


The  fluorescence  spectra  observed  with  SF,  and  various 

b 

partially  and  completely  fluorinated  methanes  near  300  torr  are 
shown  in  Figures  41-48.  Since  band  fluorescence  from  these  compounds 
was  observed  under  the  same  experimental  conditions,  the  emission 


intensities  can  be  directly  compared.  Several  interesting  features 


are: 

1.  Replacement  of  all  the  H-atoms  of  methane  with 

/ 

fluorine  shifts  the  a  region  band  further  from  the  resonance  line 

(Table  XIX  and  Figures  28,44).  Band  fluorescence  in  the  presence  of 

SF.  (Figure  45)  however,  is  almost  identical  to  that  with  CF.  under 
b  4 

the  present  conditions. 

2.  Replacement  of  successive  hydrogens  by  fluorine  atoms 
(Figures  41-43)  shifts  and  a  region  band  of  CH^  to  longer  wavelengths 
The  CH^F  band  is  completely  obscured  by  the  resonance  line  whereas 
the  CH2F2  band  can  be  seen  as  an  asymmetrical  broadening  of  the 
resonance  line.  The  band  of  CHF^  appears  as  a  shoulder  on  the  long 

O 

wavelength  side  of  the  2537A  line. 

3.  Emission  in  the  b  region  in  the  presence  of  CH^F 

O 

(Figure  46)  shows  a  band  with  a  peak  at  about  2630A  extending  to 

O 

about  2740A,  while  CH2F2  gives  a  weak  band  as  an  asymmetrical 

O 

broadening  of  the  resonance  line  extending  to  about  2660A.  Trifluoro 

O 

methane  gives  a  more  intense  band  which  extends  to  only  about  2640A. 
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TABLE  XIX 


o 

Separation  of  Emission  Band  Maxima  from  the  2536. 5A 

—  1  3. 

(39,424  cm  )  Resonance  Line 


Pressure 

"a" 

Region 

Bands 

"b"  Region 

Compound 

torr 

A a) 

Aoj2 

ACO3 

Aio 

Ar 

400 

^27 

77 

164 

Kr 

180 

^30 

70 

128 

Kr 

750 

^30 

74 

128 

Xe 

10 

58 

-1,830 

Xe 

860 

^36 

58 

-2,380 

CH, 

4 

220 

65 

C2«6 

330 

29 

SH8 

600 

-1,260 

i-C4H10 

645 

-1,260 

c(ch3)4 

8 

-1,560 

c(ch3)4 

510 

-1,830 

C-C3H6 

400 

-2,250 

C-C5H10 

210 

-1,400 

C"C6H12 

72 

-1,770 

ch3f 

330 

-2,000 

CHF3 

280 

-97 

CF4 

614 

220 

SF6 

190 

220 

a 


in  wave  numbers 
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FIGURE  12:  Microdensitometer  trace  of  the  emission  spectra  from  the 
mercury  resonance  lamp  used  in  the  fluorescence  studies 
with  1  sec  exposure  time.  Maximum  pen  deflection  of  2.1 
optical  density  units  (O.D.). 
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2550  2530  2510A 

FIGURE  13:  Detail  of  the  mercury  resonance  line  from  the  photolysis 
lamp,  1  sec,  2.1  O.D. 


FIGURE  14:  Fluorescence  spectra:  728  torr  ,  2  hours,  2.1  O.D. 
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2550  2530  2510A 


FIGURE  15:  Fluorescence  spectra:  600  torr  N0,  5  hours,  2.1  O.D. 


FIGURE  16:  Fluorescence  spectra:  400  torr  NH^,  1  min,  2.1  O.D. 
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4500  3500  3000  2500A 


FIGURE  18:  Fluorescence  spectra:  40  torr  C^H^OH,  30  min,  0.4  O.D. 


no 
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FIGURE  19:  Fluorescence  spectra:  420  torr  CO,  4  hours,  0.4  O.D. 


2550  2530  2510A 

FIGURE  20:  Fluorescence  spectra:  430  torr  He,  4.5  hours,  2.1  O.D. 
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2550  2530  2510A 


FIGURE  22:  Fluorescence  spectra:  600  torr  Ar,  20  min,  2.1  O.D. 
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FIGURE  23:  Fluorescence  spectra:  750  torr  Kr,  10  min,  2.1  O.D. 
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2550  2530  2510A 


FIGURE  24:  Fluorescence  spectra:  860  torr  Xe,  30  min,  2.1  O.D. 
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3100  2900  2700  2500A 


FIGURE  26:  Fluorescence  spectra:  830  torr  Xe,  10  min,  0.8  O.D. 


O  -O  u  "O 


115 


(Previous  Page) 

FIGURE  27:  Fluorescence  spectra  from  excited  mercury-substrate 
complexes:  a,  600  torr  N^,  5  hours;  b,  400  torr 
15  min;  c,  600  torr  C^Hg,  3  hours;  d,  510  torr  C(CHg)^, 
1.2  hours;  e,  600  torr  Ar,  20  min;  f,  750  torr  Kr,  10 
min;  g,  830  torr  Xe,  10  min. 


FIGURE  28: 
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FIGURE  29:  '  Fluorescence  spectra:  400  torr  C.H, ,  15  min,  2.1  O.D. 

2  o 


FIGURE  30:  Fluorescence  spectra:  600  torr  C0H0,  3  hours,  2.1  O.D. 
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3100  2900  2700  2500A 

FIGURE  31:  Fluorescence  spectra:  500  torr  CH^,  60  min,  0.8  O.D. 
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FIGURE  33:  -Fluorescence  spectra:  600  torr  C3Hg,  3  hours,  0.8  O.D. 


FIGURE  34:  a,  8  torr  ^“C4Hio» ,180  min»  0,8  0,D*» 
b,  645  torr  46  min,  0.4  O.D. 
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3100  2900  2700  2500X 

FIGURE  36:  Fluorescence  spectra:  510  torr  CCCH^)^,  1.2  hours,  0.8  O.D. 
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FIGURE  37:  Fluorescence  spectra:  400  torr  1.5  hours,  0.4  O.D. 


3100  2900  2700  2500A 

FIGURE  38:  Fluorescence  spectra:  720  torr  c- C^Hg,  1.5  hours,  0.8  O.D., 
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FIGURE  39:  Fluorescence  spectra:  210  torr  55  min,  0.4  O.D. 


3100  2900  2700  2500X 

FIGURE  40:  Fluorescence  spectra:  70  torr  e-C^H-^,  180  min,  0.4  O.D. 
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2540  2520A 

FIGURE  41:  Fluorescence  spectra:  330  torr  CH^F,  14.5  min,  2.1  O.D. 


FIGURE  42:  Fluorescence  spectra:  310  torr  CH^F^,  15  min,  2.1  O.D. 
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2550  2530  2510A 

FIGURE  43:  Fluorescence  spectra:  280  torr  CHF^,  15  min,  2.1  O.D. 


FIGURE  44:  Fluorescence  spectra:  614  torr  CF^,  30  min,  2.1  O.D. 
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2550  2530  2510A 


FIGURE  45:  Fluorescence  spectra:  190  torr  SF-,  60  min,  2.1  O.D. 
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3100  2900  2700  2500A 


Fluorescence  spectra:  330  torr  CH^F,  14.5  min,  0.4  O.D. 


FIGURE  46: 
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3100  2900  2700  2500A 

FIGURE  47 Fluorescence  spectra:  310  torr  15  min,  0.4  O.D. 


3100  2900  2700  2500A 

FIGURE  48:  280  torr  CHF3,  15  min;  a,  0.4  O.D.;  b,  0.8  O.D. 
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2 .  Discussion 

The  single,  structureless  fluorescence  bands  in  the  o 
region  observed  in  the  presence  of  NH^,  H^O  and  C^H^OH  have  also 
been  reported  by  other  workers  (49,50,70)  and  were  attributed  to 
emission  from  a  charge  transfer  complex  formed  between  a  substrate 
molecule  and  an  Hg°  atom.  The  Hg°  atoms  were  shown  to  originate 
from  the  rapid  spin-orbit  relaxation  of  Hg*  atoms.  The  excited 
mercury-CO  emission  spectrum  has  not  been  observed  in  this  region 
before.  Since  vibrationally  excited  CO  has  been  found  under  similar 
conditions  (83,84),  the  structureless  band  observed  in  the  uv  region 
indicates  that  some  emission  is  occurring  during  the  energy  transfer 
to  the  CO  molecule. 

The  a  region  bands  observed  in  the  presence  of  Ar,  Kr 
and  Xe  are  similar  to  those  observed  by  Oldenberg  (65)  with  the 
exception  that  Kr  gives  three  bands,  in  agreement  with  measurements 
in  absorption  at  high  densities  (63).  Since  no  change  in  the 
position  of  these  bands  was  observed  between  10  and  800  torr, 
multiple  interactions  of  mercury  with  more  than  one  gas  atom  are 
not  important.  The  structural  features  of  the  red-shifted  b  bands 
in  Ar,  Kr  and  Xe  are  significant  since  they  indicate  transitions 
between  discrete  levels  of  the  upper  and  lower  states,  probably 
associated  with  vibrational  levels  of  van  der  Waals  molecules 
(Appendix  C) . 

A  single  band  has  been  observed  in  the  b  region  of  the 
spectrum  for  Ar,  Kr  and  Xe.  The  fluorescence  band  in  the  presence 

O  O 

of  xenon  extends  from  the  2537A  resonance  line  to  about  3000A  and 
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attains  a  separate  maximum  at  2690±10A  independent  of  pressure. 

O 

Since  the  fluorescence  band  extends  smoothly  past  2656A  but  changes 

O 

drastically  near  the  2547A  line,  it  has  been  assigned  to  transitions 
from  the  (Xe-Hg)*  potential  surface.  Freeman,  McEwan,  Claridge  and 

O 

Phillips  (69)  have  reported  a  peak  maxima  for  this  band  at  2740A 
and  attributed  it  to  emission  from  the  (Xe-Hg) °  surface.  This 

assignment  does  not  seem  reasonable  on  energetic  grounds  because 

/ 

band  emission  from  a  (Xe-Hg) 0  complex  would  require  up  to  5  kcal/mole 
additional  energy  to  be  supplied  from  translational  modes.  It  is 
very  unlikely  that  thermal  energy  is  sufficient  to  account  for  this 
b  region  band.  It  is  also  apparent  that  the  technique  used  by  them 
was  not  sensitive  enough  to  detect  the  band  fluorescence  in  the 
presence  of  argon  or  krypton. 

The  shift  in  the  maxima  to  shorter  wavelengths  at  low 
pressures  of  neopentane  or  isobutane  indicates  some  pressure  stabiliza¬ 
tion  of  the  complex.  Thus  the  lifetime  of  the  complex  must  be  greater 

—9 

than  the  collision  frequency  (t  >10  sec) .  Determination  of  the 
interaction  energy  for  the  mercury  paraffin  complex  from  the  shift 
in  peak  wavelength  is  not  possible  however,  because  of  the  proximity 
of  the  resonance  line.  The  isobutane  peak  disappears  at  the  lower 
pressures. 

The  band  fluorescence  associated  with  the  mercury  resonance 
line  in  the  presence  of  the  rare  gases  and  paraffins  can  be  compared 
with  bands  observed  in  the  absorption  spectra  of  the  alkali  metals 
Ne,  Rb  and  Cs  in  the  presence  of  paraffins  and  rare  gases  (62).  In 
the  case  of  alkali  metals,  the  violet  bands  appear  several  hundred 
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wavenumbers  from  the  resonance  line,  while  the  red  bands  are  shifted 
only  some  20  to  90  cm  ^  away.  The  red  band  maxima  were  separated 
from  the  spectral  line  only  for  the  heavier  foreign  gases,  such  as 
xenon,  krypton  and  saturated  hydrocarbon  vapors  heavier  than  propane. 
The  shifts  in  the  spectra  with  molecular  weight  and  polarizability 
were  believed  to  originate  from  van  der  Waals  interactions  in  both 
the  ground  and  excited  states.  Except  for  the  absolute  magnitudes 
of  the  band  positions  the  trends  observed  in  the  mercury  system  are 
similar  to  these.  Consequently  it  is  reasonable  to  assume  that  van 
der  Waals  forces  play  an  important  role  in  the  mercury  band 
fluorescence  as  well. 

Of  fundamental  importance  to  emission  and  absorption  pro¬ 
cesses  is  the  Franck-Condon  principle  (141)  which,  stated  simply, 
means  that  the  electron  jump  in  a  molecule  takes  place  so  rapidly 
in  comparison  to  the  motion  of  the  nuclei  that  in  the  final  state 
the  nuclei  still  have  very  nearly  the  same  relative  position  and 
velocity.  Consequently  transitions  between  two  levels  occur 
vertically  with  no  change  in  position  of  the  nuclei.  The  energy 
of  light  absorbed  or  emitted  is  then  given  by  the  vertical  separation 
between  the  two  levels  at  that  particular  internuclear  distance. 

The  exact  position  and  shape  of  the  upper  and  lower 
potential  surfaces,  the  vibrational  and  rotational  energy  of  the 
upper  state,  and  the  oscillator  strength  of  the  transition  will 
determine  the  shape  and  intensity  of  the  emission  bands.  In  order 
to  understand  the  existence  of  fluorescence  bands  and  the  trends 
observed  in  the  various  series  of  gases,  the  parameters  affecting 
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the  potential  surfaces  must  be  examined  in  detail.  Herzberg  (142) 
has  discussed  the  effect  of  various  shapes  of  potential  surfaces  on 
the  observed  emission  spectra  of  diatomic  molecules  and  showed  that 
continuous  spectra  are  expected  on  both  the  long  and  short  wavelength 
sides  of  the  resonance  line  when  weakly  bonding  van  der  Waals 
molecules  are  present.  In  general,  the  band  fluorescence  in  the 
presence  of  the  rare  gases,  paraffins,  fluorome thanes  and  SF^  fall 
into  this  category.  Fluorescence  in  these  systems  appear  as  structure- 

O 

less  bands  directly  associated  with  the  2537A  resonance  line. 
Consequently  the  existence  of  van  der  Waals  forces  or  polarization 
binding  should  be  examined  in  more  detail  in  these  systems. 

Gunning,  Penzes,  Sandhu  and  Strausz  (68)  have  computed 
simple  Lennard-Jones  potential  energy  curves  for  the  interaction  of 
ground  and  excited  states  of  mercury  with  Xe,  Kr  and  Ar  assuming 
only  polarization  binding  between  the  two  species.  Their  results  are 
shown  in  Table  XX.  In  every  case,  the  depth  of  the  excited  potential 
surface  was  computed  to  be  considerably  larger  than  the  ground  state 
surface  and  thus  transitions  between  these  surfaces  should  lead  to 
longer  wavelength  emission  than  the  resonance  line.  The  same  type 
of  calculation  has  been  carried  out  for  paraffins  (Appendix  C)  and 
the  results  are  given  in  Table  XXIV.  Again  the  depth  of  the  well  for 
the  (RH-Hg)*  interaction  increases  with  increasing  molecular  weight 
in  the  range  of  2  to  5  kcal/mole,  while  that  of  the  ground  state  is 
only  in  the  range  of  0.5  to  1  kcal/mole.  These  calculations 
adequately  explain  the  observed  trends  in  the  long  wavelength  band 
fluorescence  spectra.  It  is  also  very  important  to  the  interpretation 
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TABLE  XX 

Calculated  Values  of  Lennard-Jones  Force  Constants  of 

Mercury-Rare  Gas  Pairs 


Collision  a 

Pair  A 

kcal/mol 

e 

e*(3P0) 

kcal/mole 

£*(3P1) 

kcal/mole 

Hg-Xe 

3.4990b 

0.861 

1.179 

2.294 

Hg-Kr 

3.2525b 

0.757 

1.016 

1.975 

Hg-Ar 

3.1515b 

0.634 

0.838 

1.627 

Hg-Xe 

3.4990° 

0.861 

2.219 

4.317 

Hg-Kr 

3.2525° 

0.757 

1.911 

3.717 

Hg-Ar 

3.1515° 

0.634 

1.577 

3.062 

a 

e 

a 

IP 

Atom 

°  d  d 

A  kcal/mole 

l3  e 

f 

ev 

Xe 

4.10 

.439 

4.0 

12.08 

Kr 

3.607 

.340 

2.48 

13.93 

Ar 

3.405 

.239 

1.63 

15.68 

From  reference  (68). 

O*  assumed  equal  to  a (ground), 
a*  assumed  10%  less  than  a (ground). 


Reference  (143) 
Reference  (144) 
Reference  (145) 


, 
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of  the  observed  radical  yield  ratio  in  the  mercury  photosensitization 
of  propane. 

The  transitions  occurring  between  two  van  der  Waals 

molecules  can  be  represented  schematically  in  Figure  49.  At  very 

large  internuclear  separation  (between  points  A  and  B)  only  the 

resonance  line  is  observed.  At  intermediate  distances  along  the 

attractive  portion  of  the  surface  (C-D)  transitions  give  rise  to 

emission  of  light  in  the  b  region.  At  the  repulsive  turning 

point,  emission  (H-G)  occurs  with  increased  energy  corresponding  to 

the  a  region.  The  definite  trend  in  the  band  maxima  with  increasing 

molecular  weight,  in  both  the  rare  gases  and  the  paraffin  systems, 

can  be  readily  visualized  in  these  terms.  Considering  only  the  b 

region  first,  a  slight  broadening  of  the  line  is  observed  with 

methane  and  the  lighter  rare  gases.  As  the  quencher  size  increases 

(increasing  polarizability)  the  band  shifts  to  longer  wavelengths 

and  ultimately  reaches  a  point  (Xe  and  paraffins  higher  than  propane) 

where  the  band  attains  a  separate  maximum.  This  can  be  visualized 

as  a  deepening  of  the  excited  potential  well  (F)  more  than  the 

ground  state  potential  (E  in  Figure  49).  The  b  region  maxima  for 

the  rare  gases  and  paraffins  follow  the  same  trend.  Increasing 

polarizability  is  associated  with  a  shift  of  the  bands  closer  to  the 

resonance  line  and  can  be  attributed  to  a  deeper  minimum  in  the 

upper  surface  in  the  region  of  the  H-G  transition.  Since  the  band 

maxima  of  SF.  and  CF.  are  the  same,  the  repulsive  portions  of  these 
6  4 

potential  surfaces  seems  to  be  less  influenced  by  the  overall  polariz¬ 
ability  of  the  molecule. 


Potential  Energy 
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FIGURE  49:  Schematic  potential  energy  diagram  for  the  optical 

transitions  between  the  van  der  Waals  molecules  (Hg*-X) 
and  (Hg-X)  ground  state. 
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Band  spectra  obtained  with  the  fluorinated  methanes  are 
more  difficult  to  correlate  with  their  physical  properties,  listed 
in  Table  XXI.  For  compounds  with  no  permanent  dipole  moment,  the 
shift  of  the  a  band  from  the  resonance  line  does  not  appear  to  be 
related  to  the  total  polarizability.  The  fact  that  the  band  spectra 
from  the  partially  fluorinated  methanes  differ  markedly  from  those  of 
CH^,  CF^  and  SF^,  is  probably  due  to  the  presence  of  a  permanent 
dipole  since  the  dipole-dipole  interactions  occur  at  much  larger 
distances . 

In  addition  to  the  shape  of  the  potential  surface,  the 
probability  of  emission  originating  at  various  internuclear  separa¬ 
tions  must  be  considered.  In  bonding  molecules  there  are  several 
vibrational  levels  between  the  zero  point  level  and  the  dissociation 
limit.  In  the  higher  levels  the  probability  of  finding  the  molecule 
near  the  classical  turning  points  is  high  and  therefore  transitions 
normally  occur  at  these  internuclear  distances.  Mulliken  (145-147) 
has  shown  that  the  turning  points  are  not  the  only  positions  which 
give  a  maximum  probability  of  emission.  For  the  simplified  situation 
where  the  upper  potential  surface  is  given  by  a  parabola  and  the 
lower  surface  by  a  Lennard-Jones  curve  (Figure  50a),  the  probability 
of  emission  from  a  high  vibrational  level  of  the  upper  surface  is 
given  by  Figure  50b.  The  additional  probability  maximum  as  a  function 
of  V  arises  from  emission  near  the  centre  of  the  upper  electronic 
state  where  the  kinetic  energy  is  a  maximum.  If  the  present  system 
is  considered  analoges  to  the  one  discussed  by  Mulliken  and  the 
emission  lifetime  of  the  complex  is  assumed  to  be  near  the  collision 


■ 


Physical  Parameters  of  Some  Fluorinated  Compounds 


134 


0) 

T - 1 

o 

•r 

H 

^g 

00 

rH 

vO 

CM 

* 

rH 

r^. 

CO 

00 

U) 

«— i 

• 

• 

• 

• 

• 

0 

CM 

i — 1 

CM 

CM 

CM 

o 

-< 

0) 

^0 

rH 

■u 

O 

tH 

CM 

CM 

CM 

G 

6 

o 

vO 

CO 

vO 

0 

Cl) 

o 

CM 

O 

vO 

vO 

•U 

.H 

• 

• 

• 

• 

• 

CO 

cd 

o 

O 

O 

O 

O 

G 

o 

O 

-X 

u 

0 

o 

54 

o 

Pm 

CO 

CM 

CM 

vO 

CO 

00 

CO 

to 

o  <3 

1 — 1 

vO 

CO 

O 

r^- 

1 

• 

• 

• 

• 

• 

rJ 

m 

<r 

CO 

44 

44 

4-1 

0 

O 

n 

O 

• 

> 

CO 

CO 

CO 

in 

00 

(X! 

0 

• 

• 

• 

• 

• 

• 

o\ 

CO 

CN 

CvJ 

w 

rH 

rH 

rH 

rH 

rH 

13 


>> 

4-J 

•H 

rH 

•H 

a 

O 

O 

rO  CO 

00 

in 

O 

CO 

CO 

cd  o  <J 

n 

00 

00 

vO 

N  •* 

• 

• 

• 

• 

• 

•H  3 

U 

cd 

rH 

O 

Pu 

CM 

CM 

CM 

CM 

• 

0 

i — 1 

CM 

G 

uo 

O 

U 

i — 1 

0 

'w' 

i — 1 

X 

O 

•H 

00 

0 

g 

13 

00 

o 

G 

• 

G 

0 

0 

rH 

0 

rC 

a 

54 

4-J 

P4 

G 

0 

< 

•H 

44 

13 

0 

G 

G 

G 

54 

0 

•H 

• 

O 

/'"N 

*H 

g 

13 

4-J 

o 

rH  d) 

G 

n 

0 

H 

P4 

G 

av 

N 

44 

co 

•H 

O 

CM 

•H 

54 

54 

• 

U 

0 

00 

O 

00 

o 

0 

4-J 

33 

0 

L-' 

i — 1 

G 

0 

t> 

O 

0 

G 

13 

P4 

4-J 

0 

II 

• 

0 

0 

13 

G  av 

G 

£ 

O 

o  o 

O 

44 

-G 

13 

H  in 

O 

0 

44 

0 

4-1 

rO 

0 

44 

00 

U  • 

0 

g 

•H 

n 

0  pu 

O 

>V 

O 

r"- 

1 — 1 

54 

00 

0 

X 

• 

• 

0 

O 

54 

rG 

0 

CO 

Pm 

0 

44 

vO 

g  <f 

G 

O 

in 

O  Mt 

0 

0 

to 

1 — 1 

54  r-l 

0 

n 

00 

v^ 

44  ^ 

G 

G 

G 

■4 

O 

O 

13 

•H 

uo 

0 

13  0 

*—> 

•H 

0 

g 

CT\ 

O 

0  a 

1 

44 

44 

G 

• 

G 

H  G 

13 

o 

0 

0 

CM 

0 

0  0 

>4 

0 

rH 

0 

rH 

H 

6  G 

0 

54 

G 

0 

0 

•H  0 

G 

0 

a 

4-1 

4-J  44 

G 

44 

1 — 1 

13 

0 

0  0 

0 

G 

0 

G 

P3 

W  >4 

rJ 

h4 

u 

0 

44 

00 

,G 

•H 

VO 

CM 

G 

0 


a 

0 

0  44 

CTv 

c- 

U0 

i — 1  G 

00 

o 

o 

UO 

av 

00 

O  0 

rH 

• 

• 

• 

• 

• 

Pu  g 

O 

o 

o 

rH 

rH 

tH 

•H  O 

rH 

«  S 

X 

G- 

0 

00  G 

G  O 

•H  *H 

rG  44 

tH 

1 — 1 

a  a 

rH 

1 — 1 

rQ 

G  0 

0 

0 

0  CO 

o 

A 

g 

g 

in 

3 

0 

0 

o- 

i 

O'  0 

cr» 

o 

0 

Po 

Po 

o 

i 

i — i 

■K  O 

54 

54 

o 

X 

00  54 

0 

0 

• 

CM 

33  O 

> 

> 

o 

<? 

CM 

• 

CO 

Pm 

Pm 

13 

vO 

Pm 

cm 

c 

Cu 

Pm 

Pm 

3 

33 

33 

O 

CO 

O 

o 

a 

a 

o 

o 


• 

• 

CT\ 

o 

o 

vD 

U0 

CO 

• 

• 

Cu 

(X 

• 

• 

#k 

•s 

/-N 

• 

<r 

UO 

o 

UO 

uo 

O’ 

o 

rH 

1 — 1 

rH 

1 — 1 

rH 

V-/ 

v^ 

S-/ 

uo 

i — i 

0 

0 

0 

0 

0 

rH 

CJ 

O 

u 

a 

o 

• 

G 

G 

G 

G 

G 

O 

0 

0 

0 

0 

0 

54 

H 

54 

54 

54 

0 

0 

0 

0 

0 

144 

144 

144 

44 

44 

0 

0 

0 

0 

0 

fX 

Pd 

P3 

P3 

P3 

33 

O 

0 

n 

a 

13 

0 

135 


V  .  V 

min  V  - ►  max 


r  — ► 

FIGURE  50:  Schematic  potential  surfaces  representing  emission  from 

a  high  vibrational  level  (a)  and  the  accompanying  emission 
probability  (b)  assuming  the  oscillator  strength  of  the 
transition  does  not  change  with  r. 
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frequency,  the  emission  spectra  can  have  one  or  more  intensity  maxima 

near  the  resonance  line,  consistent  with  the  present  studies. 

In  addition  to  these  considerations,  it  must  be  noted  that 
3 

the  state  of  mercury  splits  into  its  =  0  and  M  =  ±1  components 

during  a  collision  with  an  atom  or  molecule  (148) .  At  close  inter- 

3 

nuclear  approaches,  the  M  =  0  state  combines  with  the  Hg(  P  )  state. 

J  u 

Thus  there  are  three  separate  potential  surfaces  involved,  each  with 

/ 

its  own  shape  and  emission  probability.  Two  of  these  correlate  with 
the  Hg*  level  and  one  with  the  Hg°  level.  Consequently  the  possibility 
exists  for  more  than  one  intensity  maximum  due  to  emission  from  these 
different  levels. 

The  present  study  has  shown  that  the  band  fluorescence 

O 

observed  near' the  2537A  resonance  line  (the  a  and  b  regions)  are  due 
to  transitions  between  van  der  Waals  molecules  formed  between  fig* 
and  the  quencher.  This  is  different  from  the  charge  transfer  complex 
between  Hg°  and  the  quencher  proposed  by  Phillips  and  coworkers 
(49,50,70)  to  explain  the  band  fluorescence  at  much  larger  wave¬ 
lengths  (the  c  region) .  More  extensive  work  on  the  emission  lifetime 
and  the  effects  of  temperature  and  pressure  on  the  a  and  b  region 
bands  is  required  however,  to  allow  a  more  detailed  description  of 


these  complexes. 


. 
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CHAPTER  VII 

THE  MERCURY  PHOTOSENSITIZATION  OF  PARAFFINS; 

SUMMARY  AND  CONCLUSIONS 

The  Hg°  and  Hg*  sensitization  reactions  of  propane  have 
been  examined  in  detail.  Both  these  atoms  decompose  propane  producing 


n-propyl  and  isopropyl  radicals: 

Hg*  +  C3Hg  - *  (HgC3Hg)*  [25] 

(HgCgHg)*  — >  i-Pr  +  H  +  Hg  [26] 

- >  n-Pr  +  H  +  Hg  [27] 

Hg°  +  CgHg  — *  (HgCgHg) °  [30] 

(HgCgHg) °  >  i-Pr  +  H  +  Hg  [31] 

- ►  n-Pr  +  H  +  Hg  [32] 


The  following  rate  constant  ratios  have  been  determined 
in  the  0°  to  200°C  range: 

k.,/k,,  =  0.89  exp (-1 . 25xl03/RT) 

2/  2b 

and 

k32/k31  =  0,78 

At  room  temperature  the  relative  n-propyl  to  isopropyl  yields  are 
about  1:31  for  the  Hg°  atom  reaction  and  1:9  for  the  Hg*  reaction. 

A  value  of  1:1  has  been  reported  for  the  Hg6(1P1)  reaction  with 
propane  (117) .  These  results  substantiate  the  suggestion  that  the 
enthalpy  change  of  the  reaction  is  the  main  criterion  of  reactivity 
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of  excited  mercury  atoms  towards  various  C-H  bonds  (76,117).  The 
temperature  dependence  of  the  n-propyl  to  isopropyl  ratio  indicates 
that  a  potential  barrier  exists  along  the  reaction  path,  the  height 
of  which  will  depend  upon  the  polarizability  and  the  C-H  bond  strength 
of  the  paraffin  as  well  as  the  electronic  energy  of  the  excited 
mercury  atom. 

Large  values  of  H/D  kinetic  isotope  effects  have  been 

/ 

observed  for  the  H-atom  transfer  reactions  of  alkyl  radicals  (121). 
These  reactions  are  considered  to  proceed  through  a  three  centre 
transition  state 

RH  +  R’  - *  R - H - Rf  - *  R  +  HR’ 

in  which  the  formation  of  the  new  bond  compensates  for  the  breaking 
of  the  old  bond.  An  empirical  bond-energy-bond-order  (BEBO)  method 
developed  by  Johnston  (120)  predicts  activation  energies  and  kinetic 
isotope  effects  for  these  reactions  in  agreement  with  experiment. 

For  example,  the  predicted  potential  energies  of  activation  of  9 
and  10  kcal/mole  for  the  reactions  [50]  and  [51] 


CH3  +  C3H8 

— *•  i- Pr  +  CH 

[50] 

— >  n-Pr  +  CH. 

4 

[51] 

are  in  reasonable  agreement  with  the  experimental  values  of  10.2  and 
11.6  kcal/mole,  respectively  (120). 

The  observed  cross  sections  for  the  quenching  of  Hg*  atoms 
by  hydrogen  and  olefins  are  much  larger  than  those  of  the  paraffins 
(76).  However,  H/D  kinetic  isotope  effects  are  larger  for  the  latter 
than  the  former.  These  differences  in  behaviour  have  been  explained 
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in  terras  of  the  primary  interaction  site  of  the  Hg*  with  the  substrate. 
The  interaction  of  Hg*  with  the  TT  electrons  of  ethylene  and  the  O 
electrons  of  hydrogen  leads  to  a  large  quenching  cross  section  value 
(102,124,151)  but  excited  mercury  atoms  appear  to  react  with  paraffins 
through  a  transition  state  analogous  to  abstraction  reactions, 

R. • • »H. m 

*  *  *  Hg* 

resulting  in  small  quenching  cross  sections  and  large  H/D  isotope 
values  (76) . 

We  have  applied  the  BEBO  method  to  the  mercury  photo¬ 
sensitized  decomposition  of  paraffins  assuming  that  the  electronically 
excited  atoms  behave  analogously  to  alkyl  radicals.  A  similar 
approach  has  been  successfully  used  to  predict  the  activation  energies 
of  ground  state  triplet  and  excited  singlet  oxygen  atom  reactions  with 
hydrocarbons  (149).  In  order  to  apply  the  BEBO  method,  the  paraffins 
are  considered  as  diatoms,  R-H,  and  the  excited  metal  atom  as  the 
abstracting  species  with  a  final  bond  energy  of  the  metal  hydride 
equal  to  the  electronic  excitation  energy  plus  the  heat  of  formation 
of  the  M-H  bond.  Potential  energies  of  activation  have  been 
calculated  for  the  reactions  of  the  triplet  and  singlet  excited 
levels  of  mercury,  cadmium,  and  zinc  with  the  various  C-H  bonds  in 
paraffins.  The  details  of  the  computations  are  given  in  Appendix  D 
and  the  results  are  listed  in  Tables  XXVI  and  XXVII.  Since  there 
are  no  experimental  quantities  available  with  which  to  compare  these 
values,  the  absolute  numbers  must  be  viewed  with  caution.  Only  the 
differences  between  the  values  are  meaningful  and  can  be  compared 
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with  the  present  experimental  results.  The  calculations  predict 
the  experimentally  observed  trends  in  the  Hg°  and  Hg*  sensitization 
of  propane.  The  potential  energy  of  activation  for  the  production 
of  n-propyl  radicals  is  predicted  to  be  larger  than  that  for  the 
isopropyl  radical  by  about  1.05  kcal/mole  for  the  Hg°  atom  reaction, 

0.90  for  the  Hg*  atom  reaction,  and  only  0.35  for  the  Hg'  reaction. 

In  addition,  these  values  should  be  considered  as  lower  limits 

/ 

since  the  triplet  repulsion  term  has  been  neglected  in  the  computations. 

Various  other  theoretical  approaches  have  been  advanced 

to  explain  the  experimental  results  of  the  energy  transfer  in 

mercury  photosensitization.  Yang  (16,100)  explained  the  difference 

in  reactivity  between  Hg*  and  Hg°  atoms  with  hydrogen  and  paraffins 

in  terms  of  symmetry  arguments.  He  approximated  hydrocarbons  as 

diatoms,  and  considered  the  total  angular  momentum  quantum  number 

to  represent  the  mercury  atom.  The  products  of  the  reactions  were 

taken  to  be  HgH  and  H  or  R  depending  upon  the  substrate  used.  By 

assigning  C  symmetry  to  the  (R-H-Hg)*  complex,  he  came  to  the  con- 
s 

elusion  that  the  quenching  of  metastable  atoms  to  the  ground  state  is 
allowed  if  R  has  p  character;  in  the  quenching  by  H2»  H  can  only 
be  in  the  s  state,  and  consequently  this  transition  is  forbidden. 

The  quenching  of  Hg*  is  allowed,  regardless  of  the  state  of  R.  The 
recently  observed  Hg°  quenching  cross  sections  (127)  together  with 
the  present  experimental  results  create  serious  doubts  about  this 
explanation,  however. 

Vikis  and  Moser  (119)  investigated  the  quenching  of 
excited  mercury  atoms  by  alkanes  using  the  RRKM  theory  of  unimolecular 


» 
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reactions.  The  theoretical  model  was  based  on  the  formation  of  a 
relatively  long  lived  complex  (RH-Hg)*  on  a  potential  energy  surface 
leading  to  the  quenching  of  excited  Hg  atoms  primarily  by  C-HHg  bond 
rupture.  In  order  to  obtain  quantitative  predictions,  the  authors 
were  forced  to  make  numerous  assumptions  about  the  nature  of  the 

-f  _ 

complex.  The  same  surface,  correlating  with  Hg  H  +  R,  was  assumed 

to  be  common  to  all  the  excited  mercury  states.  The  minimum  of  this 

surface  was  assumed  to  be  about  85  kcal/mole  above  the  ground  state. 

The  agreement  of  the  quenching  cross  sections  with  experiment  (58) 

appears  to  be  fortuitous  however,  since  the  proposal  that  both  the 

Hg°  and  Hg*  levels  combine  to  form  a  single  complex  with  the  paraffin 

is  not  compatible  with  the  present  observations.  If  crossover  to 

the  decomposition  surfaces  occurred  from  a  single  surface  for  both 

Hg°  and  Hg*  +  C0H0  reactions,  no  difference  would  be  expected  between 

o  o 

the  activation  energies  for  the  production  of  n-propyl  and  isopropyl 
radicals,  AE°  and  AE*.  Since  AE°  =  1.90  and  AE*  =  1.25  kcal/mole, 
the  reaction  surfaces  must  remain  separate  up  to  the  point  where 
decomposition  crossover  occurred. 

Band  fluorescence  has  been  observed  experimentally  during 
the  mercury  photosensitization  of  every  paraffin  studied.  These 
bands  have  been  assigned  to  transitions  from  a  weakly  bonding 
van  der  Waals  molecule  formed  between  an  excited  mercury  atom  and 
a  paraffin  molecule.  Lennard-Jones  force  constants  calculated  from 
the  polarizabilities  and  ionization  potentials  of  the  species 
involved,  predict  the  trends  observed  in  the  band  fluorescence  of 
the  mercury-paraffin  complexes.  A  much  deeper  potential  well  is 
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expected  for  the  excited  state  than  the  ground  state  (Table  XXIV): 
for  example,  the  interaction  energy  of  the  (HgC  H0)*  complex  was 

JO 

calculated  to  be  between  2.5  and  5  kcal/mole  depending  upon  the 
internuclear  distance  assumed. 

If  we  make  the  reasonable  assumption  that  the  mercury-propane 
complex  observed  in  the  band  fluorescence  measurements  is  the  same  as 

that  involved  in  the  photosensitized  decomposition  studies,  we  can 

/ 

combine  both  these  studies  together  with  the  theoretical  calculations 
to  develop  a  detailed  description  of  the  nature  of  the  mercury  photo¬ 
sensitization  of  paraffins.  The  excited  mercury-propane  potential 
energy  surface  will  be  described  in  detail  because  of  its  relation  to 
the  present  work. 

The  . various  processes  occurring  in  the  mercury  photo¬ 
sensitization  of  propane  are  compatible  with  the  potential  energy 
diagram  given  in  Figure  51.  The  excited  mercury  atom,  Hg*,  approaches 
the  propane  molecule  on  an  attractive  surface  with  a  binding  energy  £* 
proportional  to  the  polarizability  of  the  two  species.  The  Hg* 
level  splits  into  two  separate  states,  designated  as  ft  =  0  and  ft  = 

±1,  under  the  perturbing  influence  of  the  paraffin  (93)  con¬ 
sidered  as  an  atom.  At  closer  approaches  the  system  can  cross  to  a 
decomposition  surface  giving  either  isopropyl  or  n-propyl  radicals. 

The  difference  between  these  two  crossing  points,  AE*,  is  about 
1.25  kcal/mole  (Chapter  IV).  In  addition,  the  (HgCgHg)*  surface 
with  ft  =  ±1  and  the  (HgCgHg)0  surface  collapse  together 

allowing  spin-orbit  relaxation  of  the  Hg*  atom.  The  upper  (Hg^Hg)* 

3 

surface  with  ft  =  0  does  not  correlate  with  the  PQ  level  and 
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therefore  spin-orbit  relaxation  cannot  occur  via  this  state  (93) . 

From  the  quantum  yield  studies,  the  energy  difference  between  spin- 
orbit  relaxation  and  decomposition  crossing,  a  in  Figure  51,  is 
estimated  to  be  between  3  and  6  kcal/mole. 

The  collision  of  an  Hg°  atom  with  propane  follows  a  similar 
path.  The  initially  formed  complex  has  an  interaction  energy  £° 

smaller  than  £*  since  the  polarizability  of  the  Hg°  atom  is  assumed 

/ 

to  be  smaller  than  that  of  the  Hg*  atom  (Table  XXIV).  Upon  closer 
approach,  crossover  to  isopropyl  or  n-propyl  and  HgH  surfaces  occurs 
with  an  activation  energy  difference  AE°  of  1.90  kcal/mole.  Since 
the  decomposition  quantum  yield  for  Hg°  atoms,  $°,  is  less  than  unity 
and  increases  with  temperature,  the  height  of  decomposition  cross¬ 
over  above  the  (HgC0H0)°  complex,  b  in  Figure  51,  is  estimated  to 

j  o 

be  about  6  kcal/mole  (Chapter  V). 

Both  the  (HgC0H0)*  and  (HgC0H0)°  complexes  have  a  finite 

JO  JO 

lifetime  and  transitions  between  these  states  and  the  (HgC0H0) 

J  o 

ground  state  will  give  rise  to  band  fluorescence.  The  intensity 
of  the  fluorescence  will  depend  upon  the  optical  selection  rules 
and  the  rate  of  decomposition  of  the  complex  through  other  channels. 

Use  of  the  Lennard-Jones  force  constants  (Appendix  C) 
and  the  potential  energies  of  activation  for  decomposition  (Appendix 
D),  calculated  from  the  bond-energy-bond-order  method,  yield  useful 
information  about  the  interaction  of  excited  mercury  atoms  with  other 
paraffins.  It  can  be  predicted  that  the  interaction  of  excited 
mercury  atoms  with  isobutane  would  result  in  two  important  changes 
in  the  shape  of  the  potential  diagram,  Figure  51.  Both  £*  and  £° 


* 
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would  increase  since  the  polarizability  of  isobutane  is  expected 

to  be  larger  than  that  of  propane  and  would  give  rise  to  a  shift  in 

the  emission  spectra  observed  with  propane  and  isobutane.  Since 

the  bond  energy  of  the  tertiary  C-H  bond  is  91  kcal/mole,  and  that  of 

(CH3) 2CHCH2-H  is  98  kcal/mole,  the  crossover  to  t-butyl  radicals 

would  occur  at  lower  energies  than  the  crossing  to  isopropyl  radicals 

Consequently,  larger  activation  energy  differences  would  be  expected 

for  the  production  of  isobutyl  compared  to  t-butyl  radicals  for  both 

Hg°  and  Hg*  reactions,  AE°  and  AE5^  ,  than  those  observed  in 

'Z'-But  'L— But 

the  decomposition  of  propane.  In  addition,  the  difference  gut  - 
AE|  is  expected  to  be  greater  than  that  for  propane,  AE°r  -  AE*^_. 

The  same  rationale  can  also  explain  the  less  than  unit 
quantum  yield  of  decomposition  observed  in  the  mercury  photosensitiza 
tion  of  methane  (110) .  Since  the  polarizability  of  methane  is 
small  and  the  H^C-H  bond  energy  is  large,  $*  will  be  small,  and  the 
crossing  to  decomposition  will  occur  well  above  the  level  of 
separated  Hg*  +  CH^ .  The  quenching  cross  section  and  decomposition 
quantum  yield  of  methane  should  be  low  at  room  temperature  and 
increase  with  temperature,  which  is  consistent  with  experiment.  The 
C-H  bond  energy  in  neopentane  is  99  kcal/mole  and  the  value  of  £* 
will  be  larger  compared  to  CH^.  In  this  case  the  crossover  to 
decomposition  would  occur  at  about  the  same  energy  as  that  of  the 
separated  Hg*  +  C  H  level.  The  depth  of  the  excited  complex  would 
allow  emission  to  compete  with  the  decomposition  reactions. 

The  large  H/D  kinetic  isotope  effects  observed  in  the 
photosensitization  of  paraffins  can  also  be  interpreted  in  terms  of 
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Figure  51.  It  is  known  that  substituting  a  D-atom  for  the  H-atom 
being  abstracted  by  an  alkyl  radical  increases  the  activation  energy 
of  the  process  (120) .  This  increase  has  been  explained  by  a  difference 
in  zero  point  energies  rather  than  a  change  in  the  shape  of  the 
potential  surface.  For  the  Hg*  interaction  with  R-D,  the  activation 
energy  for  decomposition  will  increase  but  the  spin-orbit  relaxation 

of  the  Hg*  level  will  be  unchanged  because  it  does  not  directly 

/ 

involve  a  C-D  bond.  Therefore  the  amount  of  Hg°  formation  will 
increase  relative  to  the  decomposition  reaction,  and  the  overall 
quenching  cross  section  of  paraffins  would  decrease  upon  deuterium 
substitution.  The  activation  energy  of  the  Hg°  +  R-D  reaction  will 
also  increase,  resulting  in  a  lower  rate  of  reaction  relative  to 
its  rate  with  light  paraffins. 

The  lifetime  of  the  excited  complex  is  given  by 

T  =  (k  +  k  +  k  +  k  )  1 
r  d  s  f 

where  k  is  the  rate  constant  for  dissociation  back  to  Hg*  +  RH, 
r 

k,  is  the  rate  constant  for  decomposition  of  the  paraffin,  k  is 
d  s 

the  rate  constant  for  spin-orbit  relaxation,  and  kf  is  the  rate 

constant  for  band  fluorescence.  A  crude  estimation  of  the  lifetime 

of  the  (HgC  H0)*  complex  can  be  obtained  from  the  simple  Kassel 
3  8 

equation  (150) 


13  -1 

where  A  is  the  frequency  factor  VLO  sec  .  The  activation  energy 
of  dissociation,  E  ,  is  taken  to  be  the  interaction  energy  of  the 
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complex,  £*,  about  5  kcal/mole  for  propane.  The  total  energy  of  the 
complex,  E  ,  is  E  plus  the  thermal  energy  of  propane  which  is  about 

J.  3. 

2  kcal/mole  at  room  temperature.  Values  ranging  between  1/3  and  2/3 
times  the  total  number  of  oscillators  have  been  used  in  the  literature 
for  the  evaluation  of  the  Kassel  equation  (150) .  With 

s  =  1/3  ( 3N- 6 ) 


the  rate  constant  of  dissociation  is 


k 


-1 

sec 


Thus  the  lifetime  of  the  complex  is  about  1x10  sec. 
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APPENDIX  A 


EXPERIMENTAL  DETERMINATION  OF  THE  R 


(n) 


^R( n+i ) 


RATIO 


Total  rates  of  production  of  n-propyl  and  isopropyl 
radicals  were  calculated  from  the  hexane  and  pentane  products  assum¬ 
ing  that  they  are  formed  via  the  following  reactions: 


2n-Pr 

- y 

n-hexane  (Hx) 

[16] 

- ^ 

C3H8  +  C3H6 

[17] 

n-Pr 

+  i-Pr 

- y 

2-methylpentane  (MP) 

[18] 

- y 

C3H8  +  C3H6 

[19] 

2i-Pr  ■ 

— — > 

2 , 3-dimethylbutane  (DMB) 

[20] 

- ^ 

C3H8  +  C3H6 

[21] 

Et 

+  n-Pr 

- y 

n- pentane  (P) 

[35] 

- y 

C2H4  +  C3H8  °r  C2H6  +  C3H6 

[36] 

Et 

+  i- Pr 

- y 

isopentane  (i-P) 

[37] 

- y 

C2H4  +  C3H8  °r  C2H6  +  C3H6 

[38] 

Let  us  define  R^^  as  the  rate  of  disappearance  of  n-propyl  radicals 

and  R,  . N  as  the  total  rate  of  disappearance  of  both  n-propyl  and 
(n+^  ) 

isopropyl  radicals  in  the  system: 
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R(n+i)  =  ^k16+k17^n_Pr-*2  +  (k18+kj  9)  [n_Pr]  [^“Pr]  +  ^k20+k21^^"Pr-* 2 
+  (k35+k35> [n-Pr] [Et]  +  (k37+k3g) [i-Pr] [Et] 

Since  the  rates  of  production  of  hexanes  and  pentanes  are  given  by 

V"  k16[n-Pr]2 

\p  =  k18[n-Pr]  [i-Pr] 
and  so  on,  we  have: 

R(«)  "  2(1  +  k17/k16)RH*  +  (1  +  k19/k18)RMP 
+  (1  +  k36/k35)EP 

R(n+i)  2('1  +  ^^lb^x  +  2('1  +  k19//k18')RMP 
+  2(1  +  k21/k20)RDMB  +  (1  +  k36/k35)RP 

+  (1  +  k38/k37)R^_p 

The  right  hand  side  of  equations  [52]  and  [53]  have  been  computed 
for  each  experiment  from  the  measured  rates  of  production  of  the 
pentane  and  hexane  products.  The  chromatographic  peak  of  n-hexane 
was  often  too  small  to  measure  accurately  and  was  calculated  from 
the  cross-combination  ratio  (121) 

RMP^  ^^DMB^PhP  4,0 

Disproportionation  to  combination  ratios  of  the  radicals  were  taken 
as  being  independent  of  temperature  (151)  and  the  values  used  (130) 
are  listed  in  Table  XXII.  The  rates  of  production  of  n-pentane  and 
isopentane,  and  R^_p>  are  assumed  to  be  zero  in  the  reactions  without 


[52] 


[53] 


added  ethylene. 


TABLE  XXII 


Disproportionation  to  Combination 


Ratios 

of  Radicals 

Radicals 

A  B 

k./k  “ 
d  c 

k./k  b 
d  c 

Et 

Et 

0.134 

Et 

i- Pr 

0.181-^ 

^0.306 

i- Pr 

Et 

0.125^^ 

Et 

n-Pr 

0.064-^ 

^:o.ii8 

n-Pr 

Et 

0.053^ 

n-Pr 

n-Pr 

0.154 

n-Pr 

i- Pr 

0.408 

i- Pr 

i-Pr 

0.69 

a)  For  the  disproportionation  reaction 
leading  to  AH  +  B(-H),  from  reference 
(130). 

b)  For  the  disproportionation  reaction 
leading  to  either  AH  +  (B-H)  or 
A(-H)  +  BH. 
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APPENDIX  B 

DERIVATION  OF  STEADY  STATE  EQUATIONS 

1 .  Mercury  Photosensitization  of  Hydrogen-Propane  Mixture 

The  important  reactions  occurring  in  the  mercury  photo¬ 
sensitization  of  hydrogen  in  the  presence  of  a  small  amount  of 
propane  are: 


Hg  +  hv(2537A) 

— > 

Hg* 

[I] 

Hg*  +  H2 

— y 

H  +  HgH (Hg  +  H) 

[15] 

h  +  c3h8 

— >- 

i- Pr  +  H2 

[12] 

•< - 

— y 

n-Pr  +  H2 

[13] 

n-Pr  +  C3Hg 

— y 

i-Pr  +  C3Hg 

[14] 

2n-Pr 

— y 

n-hexane  (Hx) 

[16] 

— y 

C3H8  +  C3H6 

[17] 

n-Pr  +  i-Pr 

— y 

2-methylpentane  (MP) 

[18] 

— y 

C3H8  +  C3H6 

[19] 

2i-Pr 

— y 

2 , 3-dimethylbutane  (DMB) 

[20] 

— >- 

C3H6  +  C3H8 

[21] 

The  steady  state  equations  for  [n-Pr]  and  [i-Pr]  are: 


d[n-Pr] 

dt 


k13[H][C3Hg]  -  k13[»-Pr][H2]  -  [C3Hg]{kl4[n-Pr]  -  k_14[i-Pr]} 
-  (k16+kl7) [n-Pr]2  -  (k18+k19) [n-Pr] [i-Pr] 


0 


i  B 
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■d-[^~-Fr]  =  kl2[H][C3Hg]  -  k_12[£-Pr][H2]  +  [C^Hg]  {kl4 [n-Pr ]  -  k^Ji-Pr]} 
“  (klg+k19> [i-Pr] [n-Pr]  -  (k20+k21) [i-Pr ] 2 
=  0 


Since  and  R^^  are  given  by 


R(n)  =  (k10+k17)  [n-Pr]  +  (k^+k^)  [n-Pr]  [£-Pr] 

R(n+i)  =  (k16+k17)[^“Pr]2  +  (k18+k19) [rc-Pr] [i-Pr]  +  (k2Q+k21) [i-Pr ] 2 
therefore 

R(w)  =  k13[H][C3H8]  “  k_13^-pr][H2]  "  [C3Hg]{k14[n-Pr]  -  k_14[i-Pr]} 
R(tt+i)  =  (k12+k13^H^C3H8-*  "  ^k-12^“Pr-*  +  k_13[n-Pr] }  [H2] . 


Division  of  R ^  by  R^n+^  gives 


R(n)^R(n+i) 


~  Q-i  +  Q~  +  Q0 


[22] 


0  _ k13[Hl[C3H8] 

Q1  (k12+k13)[H][C3H8]  -  {k_12[i-Pr]  +  k_13[n-Pr]}[H2] 


Q2  =  -k-13[H21[n-Pr]/R(n+i) 

Q3  =  [C3H8]{k14[«-Pr]  -  k_14[i-Pr]}/R(n+i) 


■'  r  •  •  ; 


2 .  Photosensitization  of  Propane  and  Propane-Nitrogen  Mixtures 

The  important  reactions  occurring  in  this  system  are: 
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Hg  +  hv(2537A)  - >  Hg*  [I] 

Hg*  +■  C3Hg  - *  (HgC3Hg)*  [25] 

(HgC3Hg)*  - >  i- Pr  +  H  +  Hg  [26] 

- >  n- Pr  +  H  +  Hg  [27] 

- *  C3Hg  +  Hg°  [28] 

- *  C3Hg  +  Hg  +  hv'  [29] 

Hg°  +  CgHg  - *  (HgCgHg) °  [30] 

(HgCgHg) °  .  - *  i-Pr  +  H  +  Hg  [31] 

- >  n- Pr  +  H  +  Hg  [32] 

- >  CgHg  +  Hg  +  hv"  [33] 

Hg*  +  N2  Hg°  +  N2  [44] 

Hg°  +  Hg  +  A  - y  Hg*  4-  A  [10] 

H  +  CgHg  - >  i-Pr  +  H2  [12] 

- *  n-Pr  +  H2  [13] 

n-Pr  +  CgHg  £-Pr  +  CgHg  [14] 

2n-Pr  - y  n-Hexane  [16] 

— -  C3H6  +  C3«8  [17] 

n-Pr  +  t-Pr  - *  2-methylpentane  [18] 

— *  C3H6  +  C3H8  U9] 
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2^-Pr 


-+  2 , 3-dimethylbutane 


-  c3h6  +  c3h8 


[20] 

[21] 


a.  Derivation  of  the  Expressions  for  F  and  $  . 

The  steady  state  equations  for  [(HgCUHg)*],  [Hg°],  and 


[(HgC3Hg)0]  are: 


d[ (HgCjUg)*] 

dt 


k25[Hg*][C3H8] 


^k26+k27+k28+k29')  ^  ^HgC3H8^*-* 


=  0 


[54] 


=  k2g[(HgC3H8)*]  +  k44[Hg*][N2]  -  k_44[Hg°] [N2] 


-  k10[Hg°][Hg][A]  -  k30[Hg°][C3Hg] 


[55] 


=  0 


d[(HgC3H8)°) 

dt 


k30[Hg°][C3H8] 


(k31+k32+k33')  ^  [hSC3H8)  1 


=  0 


[56] 


Substituting  the  expression  for  [ (HgC  H  )*]  from  equation  [54]  into 

jo 

[55]  and  solving  for  [Hg*]/[Hg°]  yields 


[Hg*]  k-44^N2-*  +  kl0™[A]  +  k30*-C3H8-* 

[Hg°]  " 


k25^ ' t C  3H8 ]  +  k44^N2^ 


-1  k30^C3H8^  k10^Hg] [A] 

K44+k44[N2] 


k44[N2] 


k25^[C3H8] 

k44[N2] 


+  1 


where 


* 


Multiplying  the  expression  for  [Hg*]/[Hg°]  by  (a2  /a2  )  H  (=  ^25^30^ 


3  8 


gives 


F  =  (o2*/a2°)  [Hg*]/[Hg°] 

C3H8 


(a2*/a2°) 


-1  k25[C3H8]  fa 

K.  .  I  7“  n -  I 


2* 


C3H8  44  k44^N2-* 


vO" 


2° 


C3H8 


kin[Hg] [A] 

w- 


1  +  $' 


k25^C3H8^ 

k44tN2] 


[57] 


When  [N^J  =  0  this  reduces  to  F  =  1/$’. 

The  overall  quantum  yield  of  propyl  radicals  is  given  by 
their  rate  of  production  divided  by  all  the  possible  modes  of 


deactivation  of  excited  mercury  quanta  according  to 


$  = 


R26+27  +  R31+32 


T  R~i  +  ^  )R25  +  R3q  +  Rio 


where  R0,ir)_  =  (k_  ,+k0_)  [  (HgC0H0)  *]  etc.  Division  by  R„  r  and  expansion 
26+2/  26  2/  3  8  25 


gives 


+  0°k30[Hgo]/k25[Hg*] 


-I 


k25[C3H8] 


k,n[Hg0] 

+  (1-$’)  +  — ~ -  + 

k25[Hg*] 


10 


'25 


[Hg° ] [Hg] [A] 
[Hg*][C3Hg] 


where 
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Thus  from  the  expression  for  F  ([57]) 


1  + 


a 


ka 


2* 

~2° 


C3H8 


U10[Hg] t A 1 

k25^C3H8^ 


+  F  1-$’  + 


k25^C3H8'' 


$*F  +  $°  [49] 


b.  Derivation  of  ^7^25  and  ^32^31  kati°s  f°r  Propane  and 
Propane-Nitrogen  Mixtures 

The  steady  state  equations  for  [n-Pr] ,  [i-Pr]  and  [H]  in 
this  system  are  given  by: 

=  k27[(HgC3Hg)*]  +  k32[(HgC3Hg)<>]  +  k13[H][C3Hg] 

-{k^tn-Pr]  -  k_14[i-Pr]J[C3Hg]  -  (k16+k1?)  [n-Pr] 2 

-  (k18+k19) [w-Pr] [i-Pr] 


d [i-Pr ] 
dt 


d[H] 

dt 


0  = 


0  =  k26[(HgC3Hg)*]  +  k31[(HgC3H8)°]  +  k12[H][C3H8] 

+  {klZ^[n-Pr]  -  k_lz^[i-Pr]  }[C3Hg]  -  (klg+k19)  [n-Pr ]  [i-Pr ] 
-  (k20+k21)[i-Pr]2- 

(k26+k27)[(HgC3V*]  +  (k31+k32)[(HgC3H8)°1 
-  (k12+k13) [H] [C3Hg] . 


These  are  related  to  the  experimental  quantities,  R.  ,  and 


R(n)  =  (k16+k17)[«-Pt]  +  (klg+kig) [n-Pr] [i-Pr] 
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R(n)  "  k27[(HSC3V*]  +  k32[(18CAn  +  k13[H](C3H8] 

-  {ku[n-Pr]  -  k_14[i-Pr]}[C3Hg] 

R(n+i)  =  (k16+k17) [n-prl2  +  (k18+k19)[n-Pr] [i-Pr]  +  (k20+k21) [i-Pr] 2 
=  (k26+k27)[(HgC3Hg)*]  +  (k33+k32)t(HgC3H8)0] 

+  (k12+k13) [H] [C3Hg] . 


From  d[H]/dt, 


R(n+i)  2^k26+k27^HgC3H8^  +  2 ^k31+k32^  t (H6C3Hg)  1 


or 


R(n+i)  =  2(k12+k13)[H][C3H8] 


Division  of  R,  N  by  R,  , . N  including  the  contribution  from  the  non- 
Kn)  Kn+z) 


uniform  absorption  of  light  gives: 


2R  . 

R,  .  =  Q4  +  k13/(k12+kl3)  "  6Q3 

(n+^) 


where 


6  = 


2{1  -  exp (-  e[Hg]L/2)} 

{e[Hg](l  -  exp (-  e[Hg]L))} 


Qo  =  (kl4[n-Pr]  -  k_14[^r]}[C3H8]/R(n+i) 


-14 


=  ^DMB  ( 


R(n+i)  V^DMB 


2  Ku)pr  [C3H8] 
k20 


and 


. 
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k27r(HgC3Hg)*]  +  k32[(HgC3Hg)°] 

Q4  =  (k26+k27)[(HgC3Hg)*]  +  (k31+k32)[(HgC3H8)°] 


From  equations  [54]  and  [56] ,  is  given 


by 


%  ■ 


k27k25^Hs"-* _ 

^k26+k27+k28+k29') 


+ 


k32k30^Ig  ^ 
(k31+k32+k33) 


^k26+k27^k25^Hg/^ 

(k2o^k27+k28+k29'> 


+ 


^k31+k32^k30^Hg  j 

(k31+k32+k33) 


Dividing  the  numerator  and  denominator  by  k^tHg0]  and  substitution 
of  F,  ,  and  4>°  yields 


Q4  ’ 


(F$*  +  $°)  1 


k27F 


+ 


"32 


(k26+k27+k28+k29')  (k31+k32+k33> 


$*F(F$*  +  <3>°)  1  7 - +  $°(F$*  +  $°)  1 


k26+k27 


k31+k32 


k27  k32 

11  3  +  7 - ~ —  (1-3) 


k26+k27  k31+k32 


where 


$  =  $*F/(F$*  +  <2>°). 
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APPENDIX  C 


CALCULATION  OF  LENNARD- JONES  FORCE  CONSTANTS  FOR 


VARIOUS  COLLISION  PAIRS 


The  empirical  Lennard-Jones  (6-12)  potential  function 
has  been  extensively  used  to  describe  the  interaction,  of  two 
spherically  symmetric  colliding  species: 


V,  v  =  4e 

(r) 


\12 


f 


2  2 

,  1  g  b 
‘  2  ^  2 


The  quantity  G  is  the  finite  internuclear  distance  where  the  potential 
function  is  zero  and  £  is  the  value  of  the  depth  of  the  potential 
well.  The  last  term  represents  the  centrifugal  contribution  where 
y  is  the  reduced  mass,  g  is  the  initial  radial  velocity,  and  b  is 
the  impact  parameter.  The  present  calculations  have  been  carried 
out  assuming  b  =  0. 

The  Lennard-Jones  force  constants  for  the  interaction  of 
ground  state  mercury  with  various  substrates  have  been  computed 
employing  the  mixture  rules 


£  .  =  (£  X  £0)‘ 

mix  1  2 


G  .  =  (G.  +  G„)/2 

mix  1  l 


and  are  summarized  in  Table  XXIII.  The  £  .  values  vary  from 

mix 

about  0.5  to  1.0  kcal/mole  for  the  interactions  of  paraffins  with 


the  ground  state  mercury  atom. 


To  calculate  £  for  the  collision  of  Hg*  and  Hg°  atoms 


with  hydrocarbon  molecules,  London’s  relationship  (143)  for  the 
attractive  part  of  the  potential  was  used, 


V 


(r) 


3  aia2 

2  6 
r 


h  I2 


where  and  are  the  polarizabilities  and  1^  and  are  the 

ionization  potentials  of  the  molecules  in  question.  By  equating  this 

/ 

with  the  attractive  term  in  the  Lennard-Jones  potential  function, 
we  have 


and 


-4  ea 


3  aia2 


h  I2 

(Il+I2> 


4  ea 


6 


2  aia21lI2//^Il+I2^ 


Since  G  values  for  the  Hg*-HR  and  Hg°-HR  collision  are  not  available, 

we  have  assumed  these  to  be  either  the  same  as  or  10%  less  than 

G  .  for  the  Hg-HR  collision.  A  correction  term  has  been  established 
mix 

for  computing  the  £  values  for  the  interaction  of  the  paraffin  with 

ground  state  mercury  by  London’s  relation.  The  £  values  for  the 

interaction  of  the  excited  state  atom  were  then  multiplied  by  this 

factor  £  .  / £_  ,  .  The  values  of  polarizabilities  and  ionization 

mix  London 

potentials  used,  are  taken  from  Table  XXIII.  Computed  values  of 
for  the  Hg*-HR  and  Hg°-HR  collisions  are  listed  in  Table  XXIV. 
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APPENDIX  D 

COMPUTATION  OF  POTENTIAL  ENERGIES  OF  ACTIVATION  FOR  THE  ATOM 
PHOTOSENSITIZED  DECOMPOSITION  OF  PARAFFINS 


The  empirical  Bond-Energy-Bond-Order  method  of  calculating 
potential  energies  of  activation  or  radical  abstraction  reactions  has 

been  described  in  detail  by  Johnston  (120) .  For  the  general  H-atom 

/ 

abstraction  reaction 


AH  +  B 


*  A  +  BH 


it  is  assumed  that  the  potential  energy  of  activation  is  given  by  the 
maximum  of  the  potential  function 


V  =  D  (A-H) 
e 


computed  for  a  path  of  total  bond  order  of  unity 

quantity  D^  is  the  single  bond  energy  (including 

E.T1  and  EDIT  are  the  AH  and  BH  bond  energies  at  a 
AH  BH 

is  the  triplet  repulsion  energy  between  A  and  B. 
in  terms  of  one  bond  order  n  (n  =  n^  =  l-n^)  and 
energy  index  for  each  bond: 


(n^+n^  =  1).  The 

zero  point  energy) , 

given  n,  ,  and  EAT1 
1  ’  AB 

This  can  be  written 
an  empirical  bond 


V  EAH ^ 1  11  ^  EBH('1“n')  '  +  EAB 


The  bond  energy  index  is  given  by 

0.26  In (D  le  ) 
e  x 


where  £  and  r  are  the  potential  depth  and  the  equilibrium  inter- 

X  X 

nuclear  distance  of  the  Lennard-Jones  diatomic  noble  gas  cluster. 


■ 


173 


We  have  modified  this  method  to  calculate  the  relative 
potential  energies  of  activation  for  the  atomic  photosensitized 
decomposition  of  paraffins  assuming  the  following  model: 

R-H  +  Hg* - >  R*  *  -  H-  •  *Hg* - >  R  +  H-Hg 

r  r 
1  2 

The  paraffin  is  approximated  as  a  diatom,  R-H,  and  the  excited  mercury 

is  taken  to  behave  as  a  radical.  It  is  further  assumed  that  Hg-H 

/ 

is  the  final  product  having  a  bond  energy  equal  to  the  sum  of  the 
electronic  energy  of  the  excited  mercury  atom  plus  the  heat  of  forma¬ 
tion  of  Hg-H  of  10.6  kcal/mole,  including  the  zero  point  energy.  The 
bond  energy  index  of  HgH  is  calculated  using  the  Lennard-Jones  force 
constants  (Table  XXV)  of  Hg-He  as  the  zero  order  bond.  This  is 
necessary  since  Lennard-Jones  force  constants  are  not  available  for  Rn, 
the  noble  gas  analog  of  mercury.  It  is  difficult  to  assess  the 
contribution  due  to  triplet  repulsion  at  this  stage,  and  it  has  been 
neglected  in  the  present  computations.  Potential  energies  of  activa¬ 
tion  have  been  computed  for  the  mercury,  cadmium,  and  zinc  sensitized 
decomposition  of  various  paraffins  by  this  method  and  the  results 
are  displayed  in  Tables  XXVI  and  XXVII. 

This  method  predicts  that  the  activation  energy  for  hydrogen 
abstraction  reactions  by  an  electronically  excited  metal  atom  will 
increase  with  increasing  bond  energy  of  the  paraffin  and  decrease 
with  increasing  excitation  energy  of  the  metal  atom.  Because  of  the 
approximate  nature  of  the  model,  considered,  these  potential  energies 
of  activation  are  meaningful  only  in  relative  terms.  In  addition, 


since  the  contribution  due  to  the  triplet  term  is  always  symmetrical 
in  bond  order,  the  predicted  values  for  AE’,  AE* ,  and  AE°  for  the 


various  C-H  bonds  are  then  lower  limits. 


TABLE  XXV 


Lennard-Jones  Force  Constants  for 
Different  Collision  Pairs 


Collision  Pair 

£ (kcal/mole) 

a  (A) 

Reference 

Hg-Hg 

1.691 

2.898 

143 

Cd-Cd. 

2.438 

2.606 

152 

Zn-Zn 

2.768 

2.284 

152 

He-He 

0.0204 

2.556 

143 

Xe-He 

0.0946 

3.75a 

120 

Kr-He 

0.0832 

3.46a 

120 

Equilibrium  internuclear  distance  R  . 


TABLE  XXVI 


Calculated  Potential  Energies  of  Activation  for  Excited 

ci  c  t) 

Mercury-Paraffin  Systems  Using  Attractive  Term  Only  * 


Hg(3P0) 

Hgdpp 

Hg(1P1) 

Hg*-H  Bond  Energy 

Assumed0 

117.8 

122.8 

164.5 

Paraffin  Bond 

De(R-H) 

ch3-h 

108.2 

9.70 

8.46 

3.11 

c2h5-h 

102.1 

7.56 

6.57 

2.40 

(CH3)2CH-H 

98.7 

6.51 

5.67 

2.05 

(CH3)3C~H 

95.1 

5.54 

4.81 

1.74 

(CH3)CCH  -H 

103.2 

7.92 

6.89 

2.51 

a  In  kcal/mole 

• 

■L 

Ilg-H  Bond  Energy 

index  equal  to  1.279 

and 

R-H  Bond  Energy 

Index  equal 

to  1.089. 

Excitation  energy  plus  D^(Hg-H)  =  10.59  kcal/mole. 


• 
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TABLE  XXVII 


Calculated  Potential  Energies  of  Activation  for  Excited  Cadmium- 

q 

and  Zinc-Paraffin  Systems  Using  Attractive  Terms  Only 


Cd^pp 

Cdppp 

Zndpp 

ZnpPp 

M*-H  Bond  Energy  Assumed^ 

104.9 

142.0 

114.5 

155.4 

M*-H  Bond  Energy 

Index0 

1.4097 

1.4097 

1.4323 

1.4323 

Molecule 

De(R-H) 

ch3-h 

108.2 

17.8 

8.9 

15.3 

7.8 

C2H5-H 

102.1 

14.8 

7.4 

12.7 

6.5 

(ch3)2ch-h 

98.7 

13.2 

6 . 6 

11.4 

5.8 

(CH3)3C-H 

95.1 

11.7 

5.8 

10.2 

5.2 

(CH3)3CCH2-H 

103.2 

15.3 

7.6 

13.2 

6.7 

In  kcal/mole 

k  Excitation  energy  plus  De(Cd-K)  =  17.6  kcal/mole  or  D£(Zn-H)  =  22.0 
kcal/mole 

C  Calculated  with  (M*-H)  Bond  Energy  of  the  ^P^  level  and  R(Cd-H)  = 
1.7617  or  R(Zn-H)  =  1.5945  from  reference  (142),  p.  538. 


